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Editorial 


Many  groups  around  the  world  are  working  on 
plasma  accelerators,  and  since  publication  of  the  last 
special  issue  on  laser-  and  plasma-based  accelerators  (IEEE 
Transactions  on  Plasma  Science,  Volume  24,  1996),  a 
great  deal  of  progress,  both  experimental  and  theoretical, 
has  been  made.  The  processes  that  affect  laser  pulses  as  they 
propagate  through  gas  and  plasma  and  the  key  requirements  for 
guiding  laser  pulses  and  generating  coherent  plasma  wakefields 
are  better  understood.  Researchers  are  focusing  attention 
on  the  study  of  the  production,  control,  and  quality  of  the 
particle  beams  accelerated  by  plasma  wakefields.  A  strong 
component  of  the  effort  is  devoted  to  the  development  of  new 
theories  and  computational  tools  to  predict  and  understand  the 
outcome  of  experiments  and  to  design  future  accelerators.  At 
the  same  time,  novel  schemes  for  laser  and  plasma  acceleration 
of  charged  particles  are  being  proposed  and  analyzed.  The 
progress  has  generated  a  considerable  amount  of  excitement 
in  the  plasma-based  accelerator  community,  and  the  full  range 
of  research  is  evident  in  the  contributions  to  this  special  issue. 
Many  of  this  issue’s  contributors  met  at  the  ICFA  International 
Workshop  on  2nd  Generation  Laser  and  Plasma  Accelerators, 
held  June  27  through  July  2,  1999,  in  Kardamyli,  Greece. 
There,  working  groups  addressed  the  challenges  of  laser  and 
plasma  acceleration  of  charged  particles  in  an  environment 
particularly  conducive  to  achieving  progress. 

The  contributions  to  this  special  issue  have  been  divided  into 
four  general  topics.  However,  classification  like  this  is  always 
difficult,  and  a  number  of  papers  span  several  of  the  topic  areas. 
The  first  topic,  addressed  by  eight  papers,  is  the  propagation,  fo¬ 
cusing,  and  guiding  of  intense  laser  pulses.  Four  of  these  papers 
report  new  experimental  results,  and  it  is  clear  that  plasma  accel¬ 
erator  experiments  are  becoming  increasingly  well  diagnosed 
and  understood.  Two  papers  by  the  Imperial  College  group  re¬ 
port  the  investigation  of  self-channeling  of  intense  radiation,  the 
generation  of  stimulated  Raman  scattered  radiation,  and  subse¬ 
quent  particle  acceleration  in  the  self-modulated  regime.  Their 
results  are  very  impressive:  energy  gain  in  excess  of  100  MeV, 
accelerating  gradient  larger  than  100  GeV/m,  and  laser  beam 
self-guiding  over  many  Raleigh  lengths.  These  results  show  the 
need  for  more  controlled  experiments,  leading  to  the  genera¬ 
tion  of  electron  beams  with  parameters  suitable  for  applications 
such  as  high-energy  physics  accelerators.  These  issues  were  ad¬ 
dressed  at  the  workshop  and  discussed  in  some  of  the  other  con¬ 
tributions.  Among  the  proposed  guiding  schemes,  the  excitation 
of  a  single  electromagnetic  mode  in  a  capillary  (Cros  et  ai),  and 
the  propagation  in  a  preformed  plasma  channel  (Malka  et  al.) 
seem  very  promising.  The  difficulty  to  overcome  in  these  ex¬ 
periments  is  the  coupling  of  the  high-intensity  laser  beam  into 
the  channel,  through  the  plasma  generated  by  ionization  at  the 
channel  entrance.  This  problem  is  considered  theoretically  in  a 
paper  submitted  by  an  Institute  for  High  Temperatures,  Russian 
Academy  of  Science-University  of  Texas  collaboration  (An- 
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dreev  et  ai).  Other  important  issues  considered  are  the  genera¬ 
tion  of  a  laser  wakefield  in  the  presence  of  ionization  (Andreev 
et  ai)  and  the  effect  of  the  laser  wakefield  on  stimulated  Raman 
scattering  (Andreev  and  Kalmykov).  Improvements  to  existing 
acceleration  schemes  are  being  considered  to  take  full  advan¬ 
tage  of  the  available  laser  power.  For  example,  in  the  Plasma 
Beat  Wave  Accelerator  (PBWA),  overcoming  the  plasma  fre¬ 
quency  detuning  resulting  from  various  phenomena  (motion  of 
the  plasma  ions,  relativistic  detuning,  etc.)  can  be  achieved  by 
careful  tailoring  of  the  driving  laser  pulse  along  the  laser  am¬ 
plifier  chain  (Neely  et  ai).  The  maximum  energy  attainable 
in  an  experiment  can  be  increased  by  the  use  of  a  laser  pulse 
of  higher  frequency  (frequency-doubled)  laser  pulse  exciting  a 
plasma  wave  with  a  larger  phase  velocity  (Najmudin  et  ai). 

With  the  maturing  of  the  field,  more  attention  is  being  de¬ 
voted  to  the  study  of  beam  dynamics,  acceleration,  and  con¬ 
trol,  which  is  the  second  main  topic  of  the  special  issue.  The 
general  requirements  on  a  laser  wakefield  accelerating  section 
are  reviewed  and  analyzed  by  computer  calculation  in  the  con¬ 
tribution  of  Hubbard  and  Sprangle.  More  detailed  theoretical 
beam  dynamics  studies  appear  in  the  contributions  of  Petrillo 
and  Maroli,  Reitsma  and  Trines,  and  Andreev  and  Kuznetsov. 
The  injection  of  short  electron  bunches  into  the  plasma  wave 
at  the  appropriate  time  (or  phase)  is  necessary  to  produce  low- 
emittance,  low-energy  spread  electron  beams  required  for  the 
generation  of  subpicosecond  electron  bunches,  produced  with 
a  typical  timing  jitter  of  less  than  100  fs  with  respect  to  the 
plasma  wave.  Subpicosecond  electron  bunches  have  to  be  pro¬ 
duced  and  injected  into  the  plasma  wave  at  the  appropriate  time 
(or  phase)  with  atypical  timingjitter  of  less  than  lOOfs  (with  re¬ 
spect  to  the  plasma  wave)  to  produce  the  low-emittance,  low-en¬ 
ergy  spread  electron  beams  suitable  for  high-energy  physics 
and  other  applications.  The  RF  gun  (Uesaka  et  al.),  the  inverse 
free  electron  laser  buncher  (IFEL,  Campbell  et  al.),  and  the  DC 
gun  (Ferrario  et  al.)  with  sophisticated  timingjitter  compensa¬ 
tion/elimination  systems  are  good  candidates  to  reach  the  goal. 
Note  that  although  no  paper  on  this  subject  is  published  in  this 
issue,  “all  optical”  injector  schemes  are  also  presently  investi¬ 
gated  to  reach  the  same  goal.  The  staging  of  multiple  accelerator 
cells  is  necessary  to  reach  the  energies  required  for  high-en¬ 
ergy  physics  applications.  It  is  also  required  to  overcome  the 
cell  length  limitation  imposed  by  the  laser  natural  divergence, 
and  by  the  dephasing  between  the  accelerated  particles  and  the 
plasma  wave.  Plasma  accelerators  operate  at  plasma  densities 
larger  than  10^^  cm"^,  corresponding  to  accelerating  structures 
at  frequencies  above  100  GHz,  and  subpicosecond  accelerating 
“buckets”  in  the  plasma  wave.  The  staging  and  synchronization 
can  be  achieved  by  the  excitation  of  the  different  accelerator 
components  (electron  gun  or  buncher,  and  multiple  accelera¬ 
tion  cells)  by  laser  pulses  originating  from  the  same  laser  chain 
(Campbell  et  al.). 

Success  in  the  realization  of  particle  acceleration  by  plasma 
wakefields  has  stimulated  further  interest  in  novel  acceleration 
schemes,  the  third  main  topic  of  this  special  issue.  The  schemes 
and  tools  developed  for  electron  acceleration  can  be  used  for  the 
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Fig.  1.  Group  picture  of  the  participants  to  the  Kardamily  workshop. 


production  of  other  high-energy  particles  (Pegoraro  et  al).  Of 
particular  interest  is  the  development  of  proton  or  ion  sources 
as  injectors  suitable  for  more  conventional  accelerating  struc¬ 
tures  (Krushelnick  et  al).  Also,  demonstration  of  acceleration 
of  positrons  by  plasmas  is  of  utmost  importance  for  plasma  ac¬ 
celerators  to  play  a  significant  role  in  future  electron-positron 
TeV  colliders.  New  approaches  to  producing  a  longitudinal  ac¬ 
celerating  field  are  also  being  proposed  and  refined.  In  particular 
we  note  the  progress  in  the  inverse  Cerenkov  accelerator  (Ser¬ 
afim  et  a/.)  in  which  the  axial  electric  field  of  a  channel -guided 
laser  pulse  could  be  used  to  achieve  energy  gain.  In  addition, 
an  alternative  scheme  for  exciting  plasma  wakefields  (Shvets  et 
al)  using  counterpropagating  laser  pulses  is  presented. 

Numerical  simulation  of  laser  and  plasma  acceleration  has 
been  a  key  tool  used  in  gaining  understanding  of  experiments 
and  testing  new  concepts  since  the  field  originated,  and  it 
constitutes  the  fourth  main  topic  of  this  special  issue.  It  is 
not  surprising,  then,  that  development  of  improved  modeling 
techniques  continues  at  a  rapid  pace.  This  special  issue  presents 
three  contributions  describing  new  numerical  algorithms.  It  is 
interesting  to  note  that  the  proposed  methods  offer  completely 
different  solutions  to  essentially  similar  problems.  For  example, 
the  contribution  of  Silva  et  al.  proposes  simulation  of  the  laser 
propagation  via  particle  techniques,  whereas  that  of  Huot  et 
al  proposes  simulation  of  the  electron  plasma  response  via  the 
solution  of  the  Vlasov  equation.  The  paper  by  Gordon  et  al 
proposes  a  ponderomotive  guiding  center,  particle-in -cell  code 
to  describe  the  laser-plasma  interaction.  Such  a  code  offers  the 
possibility  of  more  rapid  simulation  of  interactions  in  which 
the  laser  propagates  many  plasma  periods. 

Plasma  accelerator  experiments  have  produced  a  wealth 
of  physics  results,  crucial  for  the  understanding  and  the  de¬ 
velopment  of  the  plasma  accelerator.  Theory  and  simulation 


have  played  an  essential  role  in  developing  new  concepts  and 
studying  existing  ones.  Many  issues  that  will  determine  the 
realization  of  plasma-based  accelerators  remain  unresolved. 
However,  the  enthusiasm  and  the  creativity  displayed  during 
the  1 999  Workshop  and  in  the  contributions  to  this  special  issue 
lead  us  to  believe  that  solutions  to  the  unresolved  problems  will 
be  found. 
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Investigation  of  a  Channeling  High-Intensity  Laser 
Beam  in  Underdense  Plasmas 

Z.  Najmudin,  A.  E.  Dangor,  A.  Modena,  M.  R.  Salvati,  C.  E.  Clayton,  C.  N.  Danson,  Daniel  F.  Gordon, 

C.  Joshi,  Fellow,  IEEE,  K.  A.  Marsh,  V.  Malka,  Patrick  Muggli,  D.  Neely,  and  F.  N.  Walsh 


Abstract — The  interaction  of  an  intense  short  pulse  laser  (>5  x 
IQis  with  underdense  plasma  was  extensively  studied. 

The  beam  is  found  to  be  highly  susceptible  to  the  forward  Raman 
scattering  instability.  At  sufficiently  high  growth  rates,  this  can 
lead  to  wavebreaking  with  the  resultant  production  of  a  high  flux 
of  accelerated  electrons  (>10^^  forE  >  2  MeV).  Some  electrons 
are  found  to  be  accelerated  well  above  the  dephasing  energy,  up  to 
94  MeV.  Self-scattered  images  intimate  the  presence  of  high-inten¬ 
sity  channels  that  extend  more  than  3.5  mm  or  12  Rayleigh  lengths. 
These  filaments  do  not  follow  the  axis  of  laser  propagation,  but  are 
seen  to  be  emitted  within  an  /4  cone  centered  around  this  axis. 
Spectra  of  the  self-scattered  light  show  that  the  main  contribu¬ 
tion  of  the  scattering  is  not  from  light  captured  within  these  fila¬ 
ments.  But  there  is  evidence  for  self-phase  modulation  from  effects 
such  as  ionization  and  relativistic  self-focusing.  However,  no  clear 
correlation  is  observed  between  channel  length  and  the  number 
or  energies  of  accelerated  electrons.  Evidence  for  high  intensities 
within  the  channels  is  given  by  small-angle  Thomson  scattering  of 
the  plasma  wave  generated  therein.  With  this  method,  the  inten¬ 
sity  is  found  to  be  of  the  order  of  10^®  Wcm“^  greater  than  12 
Rayleigh  lengths  from  focus. 

Index  Terms — Electromagnetic  propagation  in  plasma  media, 
electromagnetic  scattering  electron  accelerators,  plasma  waves. 


L  Introduction 

The  advent  of  high-intensity  short  pulse  laser  systems  has 
reignited  interest  in  many  possible  applications  of  high- 
power  lasers.  The  most  noteworthy  of  these  include  the  fast-ig¬ 
niter  scheme  for  inertial-confinement  fusion  (IGF)  [1],  gener¬ 
ation  of  coherent  short  wavelength  radiation  [2]-[4],  and  pro¬ 
duction  of  large  amplitude  plasma  waves  for  next-generation 
particle  accelerators  [5].  The  interactions  are  characterized  by 
rapid  ionization  (through  the  large  intrinsic  electric  field  of  the 
laser)  [6],  [7],  susceptibility  to  instabilities  (because  of  the  in¬ 
creased  intensity-dependent  growth  rates)  [8],  [9],  and  the  non- 

Manuscript  received  October,  2  1999;  revised  February  20,  2000.  This  work 
was  supported  by  EPSRC,  with  the  aid  of  EPSRC  visiting  fellowships. 

Z.  Najmudin,  A.  E.  Dangor,  A.  Modena,  and  M.  R.  Salvati  are  with  Blackett 
Laboratory,  Imperial  College,  SW7  2BZ,  London,  U.K.  (e-mail:  znl  @ic.ac.uk). 

C.  E.  Clayton,  C.  Joshi,  and  K.  A.  Marsh  are  with  the  Department  of  Electrical 
Engineering,  University  of  California  at  Los  Angeles,  Los  Angeles,  CA  90095 
USA. 

C.  N.  Danson,  D.  Neely,  and  F.  N.  Walsh  are  with  Central  Laser  Facility, 
Rutherford  Appleton  Laboratory,  Chilton,  Didcot,  0X11  OQX  Oxon,  U.K. 

D.  F.  Gordon  is  with  the  Naval  Research  Laboratory,  Washington,  DC  20375 
USA. 

V.  Malka  is  with  LULI,  Ecole  Polytechnique-Universite  Pierre  et  Marie  Curie, 
91128  Palaiseau  Cedex,  France. 

P.  Muggli  is  with  the  Department  of  EE-Electrophysics,  University  of 
Southern  California,  Los  Angeles,  CA  90089  USA. 

Publisher  Item  Identifier  S  0093-3813(00)07242-8. 


linear  response  to  the  laser  of  the  plasma.  The  nonlinearity  can 
manifest  either  through  relativistic  effects  [10],  [1 1]  or  through 
modification  of  the  plasma  via  the  ponderomotive  force  (or  light 
pressure)  of  the  extremely  intense  laser  pulse  [12].  An  example 
of  this  is  in  the  hole-boring  creation  of  a  guiding  channel  [13], 
which  is  of  vital  importance  in  the  fast-igniter  scheme. 

Rapid  ionization  through  optical  field  ionization  (OFI)  is  par¬ 
ticularly  important  for  the  generation  of  large  amplitude  plasma 
waves,  because  through  the  use  of  a  uniform  gaseous  medium, 
we  can  create  a  plasma  with  an  almost  uniform  initial  density 
[14].  The  plasma  wave  formed  can  thus  be  of  constant  (plasma) 
frequency.  Such  a  medium  is  also  ideal  for  the  study  of  insta¬ 
bilities  in  this  high-intensity  regime,  because  it  presents  a  long 
scale  length  over  which  the  instability  can  grow  [15]-[17],  and 
allows  us  to  distinguish  the  signatures  of  many  different  density 
regimes  [18].  Particularly  significant  has  been  the  first  optical 
observation  of  the  forward  Raman  scatter  (FRS)  instability  [10], 
[19].  This  four  wave  process  generally  has  a  smaller  growth  rate 
than  does  the  three- wave  Raman  processes,  which  are  possible 
off  the  axis  of  the  laser  propagation  (i.e.,  the  light  is  scattered  out 
of  the  cone  of  the  laser  beam).  Hence,  until  the  use  of  high-in- 
tensity  lasers,  FRS  was  only  significant  at  density  close  to  the 
quarter-critical  surface  of  laser-solid  interaction  [20].  With  laser 
intensities  that  can  routinely  reach  relativistic  intensities  (i.e., 
the  quiver  velocity  of  the  electrons  in  the  laser  field  is  close  to  the 
speed  of  light),  the  growth  rate  of  FRS  is  close  to  its  maximum 
[9]  and  thus  allows  a  laser  pulse  to  exhibit  FRS  at  much  lower 
densities.  FRS  studies  are  difficult  with  long  pulses  (trying  to 
offset  the  lower  growth  rate  with  a  longer  growth  time),  be¬ 
cause  on  time  scales  >l-ps  ion  motion  can  destroy  the  favorable 
phase  matching  for  FRS’.  FRS  is  particularly  interesting,  be¬ 
cause  the  scattering  process  generates  a  large  amplitude  plasma 
wave  that  travels  with  the  laser  pulse  at  close  to  the  speed  of 
light.  This  plasma  wave  can  be  responsible  for  the  accelera¬ 
tion  to  relativistic  energies  of  trapped  electrons  from  within  the 
plasma  [19].  This  can  have  serious  implications  not  only  as  a 
possible  compact  source  of  high-energy  electrons,  but  also  in 
IGF  schemes  in  which  the  generation  of  such  high-energy  parti¬ 
cles  can  have  significance  to  the  distribution  of  energy  into  the 
compressed  fuel  pellet. 

The  nonlinear  optical  properties  of  an  underdense  plasma 
when  subjected  to  an  intense  laser  pulse  [21]  can  be  as  sub¬ 
stantial  as  in  solid-laser  interaction.  This  is  because  a  high-in- 
tensity  laser  pulse  modifies  the  refractive  index  of  the  plasma 
as  it  travels  through  it.  This  can  be  achieved  primarily  in  three 
ways,  ionization  [22],  [23],  plasma  blow-out  [24],  [25],  and  rel¬ 
ativistic  effects  [10],  [26].  All  three  effects  can  modify  the  prop- 


0093-3813/00$10.00  ©  2000  IEEE 


1058 


agation  of  the  laser  pulse,  and  they  can  result  in  spectral  modi¬ 
fication  of  the  pulse.  (All  of  the  effects  can  be  termed  generally 
as  manifestations  of  self-phase  modulation  of  the  laser  beam.) 
Ionization,  which  tends  to  decrease  the  refractive  index  on  axis, 
where  intensity  and,  hence,  OFI  rates  are  highest,  can  act  to  de¬ 
focus  the  laser  beam.  Plasma  blow-out,  which  is  caused  by  the 
transverse  ponderomotive  pressure  of  the  intense  laser  pulse, 
and  relativistic  effects,  which  make  the  electrons  quivering  at 
velocities  close  to  c  seem  more  massive,  increase  the  refractive 
index,  hence,  making  the  plasma  act  like  an  optical  fiber.  If  the 
focusing  caused  by  these  two  effects  can  overcome  the  natural 
diffraction  of  the  laser  beam,  the  laser  beam  waist  will  be  re¬ 
duced  compared  with  its  size  were  it  focusing  in  vacuum.  These 
two  effects  acting  concurrently  (because  both  occur  naturally  at 
high  intensities  in  a  plasma)  are  generally  termed  together  as 
relativistic  self-focusing  [11],  [27].  If  the  beam  reaches  such  a 
size  where  the  self-focusing  effect  is  exactly  balanced  by  natural 
diffraction,  the  beam  can  reach  an  equilibrium  state,  where  it  is 
said  to  be  channeling.  A  simple  treatment  for  a  perfect  Gaussian 
beam  that  only  considers  these  two  combined  effects  shows  that 
channeling  occurs  at  a  critical  laser  power  for  relativistic  self-fo¬ 
cusing  Per  ^  l7{u)o/^py  GW.  Indeed,  if  this  threshold  is  ex¬ 
ceeded,  the  beam  size  should  be  reduced.  For  nonideal  beams, 
this  threshold  is  weakly  dependent  on  intensity  [28],  Relativistic 
channeling  has  long  been  conjectured  as  a  possible  means  of 
increasing  the  interaction  length  of  plasma-based  accelerator 
schemes  and  increasing  the  gain  length  of  X-ray  laser  schemes, 
as  well  as  providing  the  hole-boring  path  for  the  fast  igniter  con¬ 
cept. 

This  paper  describes  a  series  of  experiments  performed  with 
the  CPA: Vulcan  laser  [29],  which  provides  30  J  in  an  1-ps  laser 
pulse  at  1 .054  //,m.  When  focused  with  an  /4.5  focusing  optic,  it 
produces  a  four  times  diffraction  limited  spot  of  around  20-//m 
diameter.  This  corresponds  to  on-target  intensities  of  up  to  5  x 
IQis  \Ycii-|~2  intensities,  the  normalized  vector  poten¬ 

tial  (which  at  low  intensities  is  equal  to  the  ratio  of  classic  quiver 
velocity  of  the  electrons  in  the  laser  field  to  the  speed  of  light) 
is  ao  2.  Hence,  such  a  laser  should  be  highly  susceptible  to 
the  phenomena  discussed  above.  The  setup  for  the  experiment 
is  described  in  Section  11.  The  results  of  the  different  diagnos¬ 
tics  are  detailed  in  Section  III.  In  particular,  emphasis  is  given 
to  propagation,  as  measured  by  several  forms  of  imaging,  and 
to  modulational  instabilities  of  the  laser  pulse  that  give  rise  to 
fast  electron  production.  We  conclude  with  a  summary  in  Sec¬ 
tion  IV. 

II.  Experiment 

The  laser  was  focused  onto  the  edge  of  a  collimated  flow  of 
gas  from  a  supersonic  gas  jet.  The  gas  jet  had  been  diagnosed 
previously  by  interferometric  techniques  [30],  [48].  These 
measurements  confirm  a  relatively  uniform  density  profile 
over  a  range  similar  in  size  to  the  gas  jet  orifice.  This  type  of 
nozzle  is  also  characterized  by  a  sharp  gas-vacuum  boundary 
(^500  /xm),  which  helps  to  minimize  ionization-induced 
refraction  of  the  laser  pulse.  The  gas  jet  had  backing  pressures 
up  to  100  bar  of  either  He  or  H2,  which  gave  plasma  densities 
up  to  5  X  10^^^  cm"^,  over  a  distance  of  3.5  mm,  the  bore  size 
of  the  gas  jet  used  in  these  experiments.  The  laser  beam  travels 


IEEE  TRANSACTIONS  ON  PI.ASMA  SC'IENC'E,  VO!  „  28.  NO.  4.  AUOUST  2()()() 


in  vacuum  after  being  (grating)  compressed  |29]  to  1  ps  to  the 
edge  of  the  gas  jet,  to  mitigate  the  pulse  degradation  that  would 
result  from  the  resulting  high  B-integral.  For  the  sahie  reason, 
the  beam  is  focused  with  a  (74.5)  reflective  off-axis  parabola. 

The  interaction  is  diagnosed  in  several  ways.  The  transmitted 
beam  is  spectrally  resolved  to  look  for  signs  of  FRS.  The  in¬ 
tensity  of  this  transmitted  light  is  reduced  by  allowing  some  of 
the  light  to  leak  through  a  pellicle  with  a  high-reflection  coating 
around  1  //,m.  This  is  to  ensure  that  the  spectrum  is  not  modified 
by  self-phase  modulation  as  it  passes  through  the  collection  op¬ 
tics.  The  FRS  spectrum  is  also  used  to  ascertain  the  density  of 
the  interaction  on  each  shot.  This  is  possible  because  the  FRS 
spectrum  produces  a  satellite  separated  from  ujo  by  (u;.s  = 
ujq  ±  (jjp).  Because  the  group  velocity  of  the  plasma  wave  off 
which  the  FRS  scatters  is  relativistic,  there  is  minimal  thermal 
correction  to  the  plasma  frequency.  So  uj‘f^  =  /([)'nir), 

where  is  the  electron  plasma  density.  The  density  obtained 
in  this  way  agrees  well  with  double  the  number  of  neutrals  ob¬ 
tained  for  the  same  gas  jet  backing  pressure  as  obtained  by  inter¬ 
ferometry  (because  both  helium  and  hydrogen  gases  have  two 
electrons  per  neutral).  The  error  in  the  density  obtained  by  this 
method  is  close  to  6%  over  the  whole  density  range  considered 
here.  The  electron  spectrum  resulting  from  electrons  trapped  in 
the  FRS-generated  plasma  wave  is  also  recorded.  Holes  were 
made  in  the  collection  optics  of  the  transmitted  laser  beam,  so 
that  both  electron  and  laser  spectra  could  be  made  simultane¬ 
ously  without  unwelcome  scattering  of  the  electrons. 

Direct  evidence  of  the  large  amplitude  plasma  wave  is 
obtained  by  small -angle  collective  Thomson  scattering  of  a 
527-nm  probe  beam.  The  probe  beam  of  a  size  (^^5  mm) 
sufficient  to  fully  illuminate  the  whole  plasma  was  injected 
nearly  orthogonal  (74°)  to  the  direction  of  propagation  of  the 
driving  CPA  laser  pulse.  It  was  also  orthogonal  to  the  plane 
of  polarization  of  the  driver  beam  to  minimize  spurious  signal 
from  self-generated  second  harmonic,  caused  by  relativistic 
Thomson  scattering  or  density/intensity  gradients  within  the 
plasma  [31].  The  Thomson  scattered  signal  was  taken  at 
3.5°  ±  1.5°  to  the  probe  beam  (77.5°  from  the  direction  of 
propagation  of  the  laser). 

For  proper  wavematching,  a;,,,  =  cco  —  and  —  k{)  —  kp, 
where  the  subscripts  .s.O,  and  p  refer  to  the  scattered,  incident 
and  plasma  wave.  Because  co  ^  ck  for  all  of  the  waves  in  the 
case  of  a  plane  infinite  relativistic  plasma  wave,  scattering  is 
only  permissible  in  exactly  the  same  direction  as  the  incident 
laser  [32],  as  shown  in  Fig.  1(a).  However,  in  our  experiment, 
the  plasma  wave  is  constrained  to  the  order  of  10  //.m  by  the 
focal  spot  size  of  the  laser.  Hence,  the  relativistic  plasma  wave 
has  a  radial  component  to  the  wave  vector  comparable  to  kp, 
because  for  =  1  x  10^'^  cm'  \  is  also  around  10  //,m. 
This  allows  resonant  Thomson  scattering  off-axis,  as  is  shown 
in  Fig.  1(b).  By  focusing  the  probe  and  the  scattered  beams,  it 
is  possible  to  spatially  isolate  the  undeviated  probe  beam  and  to 
dump  its  energy  on  a  razor  blade,  reducing  spuri(nis  light  from 
this  unscattered  component.  The  scattered  light  is  then  rcimaged 
onto  the  slit  of  an  imaging  spectrometer,  providing  a  spatially 
resolved  profile  of  the  plasma  wave,  along  the  direction  of  the 
driver  beam. 

To  complete  the  diagnostics,  there  are  three  imaging  chan¬ 
nels,  one  schlieren  and  two  imaging  self-scatter  of  the  driving 
beam.  The  schlieren  channel  provides  information  about  the 
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Fig.  1.  Thomson  scattering  fc-vector  matching  (a)  for  infinite  plane  waves  (with  /e: -vector  ±fcp)  wavematching  is  only  valid  in  the  exact  forward  direction  from 
the  fast  wave  kp  «  ojp/c.  (b)  For  a  plasma  wave  constrained  to  a  focal  spot  on  the  order  of  the  plasma  wave  length,  the  wave  has  a  spread  in  radial  k  vector  wfcp, 
which  allows  direct  scattering  off  this  fast  wave  at  greater  angles,  allowing  spatial  monitoring  of  the  wave. 
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Fig.  2.  Images  showing  self-Thomson  scattered  images  of  propagation  of  a  25-TW  laser  in  underdense  plasma,  when  focused  (a)  at  the  center  of  the  jet  (orifice 
size  =3.5  mm),  and  (b)  0.5  mm  from  the  edge  of  the  jet.  Direction  of  the  laser  is  right  to  left,  and  the  extent  of  the  gas  is  marked  by  the  faint  (time-integrated) 
background  glow  of  the  unionised.  A  and  B  indicate  branching  of  the  filaments. 


density  channels  within  the  plasma  by  reimaging  light  refracted 
by  these  density  channels.  This  is  done  by  putting  a  wire  stop 
at  a  virtual  focus  of  the  probe  beam  (which  has  been  previously 
split  from  the  small-angle  Thomson  scattering  signal),  so  that 
only  those  rays  deviated  by  density  gradients  may  pass  the  stop. 
The  self-scattering  imaging  channels  were  placed;  one  at  30°  to 
the  incident  laser  in  the  plane  of  polarization  of  the  laser,  and 
the  other  orthogonal  to  both  drive  laser  and  its  polarization.  For 
the  imaging  channel  at  30°,  a  transmission  grating  of  spacing 
2  1/mm  was  placed  in  the  beam  at  a  point  where  the  beam  was 
collimated,  in  order  to  give  a  spectrally  resolved  image  away 
from  the  (zero-order)  transmitted  image.  The  self-scattered  light 
orthogonal  to  the  plane  of  polarization  was  also  spectrally  re¬ 
solved.  However,  in  this  case,  the  image  was  split  with  a  beam 
splitter,  and  reimaged  onto  the  slit  of  a  standard  high  dispersion 
spectrometer/charge-coupled  device  (CCD)  system. 

HI.  Results 

A.  Imaging  of  Self-Scattering 

Two  images  are  presented  in  Fig.  2,  for  25  TW  focused  either 
at  the  center  or  the  edge  of  the  jet.  The  resolution  of  these  images 
is  limited  to  45  fim  by  the  pixel  size  of  the  CCD  cameras  used. 
Both  show  a  beam  diverging  away  from  focus  in  roughly  the  ex¬ 
pected  cone  angle  (/4.5  «  16°).  The  image  with  the  focus  at 
the  center  of  the  jet  shows  plasma  over  the  whole  length  of  the 
jet,  1.75  mm  either  side  of  focus.  At  this  edge  of  the  gas  jet,  the 


expected  intensity  in  vacuum  would  be  «1  x  10^^  Wcm"^,  just 
above  the  threshold  value  for  double  ionization  of  helium,  the 
gas  used  for  these  shots.  Also  note  that  the  image  shows  a  min¬ 
imum  in  scattering  intensity  close  to  focus.  This  (as  explained 
by  Gibbon  et  al  [33])  is  because  of  volumetric  effects;  simply, 
there  are  fewer  scatterers  at  focus  because  of  the  small  focal 
spot  size.  The  image  with  the  focus  at  the  edge  of  the  jet  also 
shows  Thomson  scattered  light  over  the  whole  length  of  the  gas 
jet.  However,  in  this  case,  the  other  edge  is  now  3.5  mm  from 
focus,  where  the  expected  vacuum  intensity  would  be  2.5  x  10^^ 
Wcm"^.  Though  this  is  sufficient  to  singly  ionize  helium,  it  is 
below  the  OFI  threshold  required  for  full  ionization  of  He  atoms. 
It  is  therefore  surprising  that  the  scattering  intensity  does  not 
show  a  marked  diminution  at  this  distance  from  focus. 

The  spectrum  of  the  transmitted  beam  (Fig.  3)  is  also  sig¬ 
nificantly  different,  even  though  in  both  cases,  the  beam  is  un¬ 
stable  to  FRS.  When  focused  at  the  center  of  the  jet,  the  spectra 
shows  narrow  satellites  sat  on  top  of  a  spectrally  wide,  blue- 
shifted  shoulder  of  the  original  laser  frequency.  When  focused 
at  the  edge  of  the  jet,  though,  the  anti-Stokes  lines  of  the  Raman 
spectra  become  much  broader  and  often  display  modulations  of 
the  satellite.  The  blue-shifted  shoulder  is  greatly  reduced.  (Note 
in  both  cases  the  longer  wavelength  Stokes  satellite  cannot  be 
seen  clearly  because  of  the  reduced  efficiency  of  the  silicon- 
based  detector  used.  The  fact  that  the  Stokes  signal  is  observed 
at  all  when  focusing  at  the  edge  of  the  jet  is  presumably  because 
of  its  greater  spectral  width.)  The  greater  width  and  modulations 
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Fig.  3.  Two  tran.smitted  light  spectra  for  a  25-TW  laser  beam  focused  in  helium,  creating  an  underden.se  plasma  of  density  1.3  x  10^^  cm"^,  one  with  the  focus 
at  the  center  of  a  3,5-mm  gas  jet,  and  the  other  at  the  edge  of  the  jet. 


of  the  satellite,  with  the  focus  at  the  edge  of  the  jet,  point  to 
wavebreaking  of  the  Raman-induced  plasma  wave  and,  hence, 
indicate  a  greater  growth  rate  for  FRS  [  1 0].  This  manifests  in  the 
electron  spectra,  which  in  this  case  register  electrons  accelerated 
up  to  50.7  (±1.8)  MeV  because  of  the  wavebreaking.  However, 
when  focused  at  the  center  of  the  jet,  no  electrons  are  detected 
above  20  MeV. 

These  results  are  not  surprising  when  we  consider  the  den¬ 
sity  Tie  at  which  ionization-induced  refraction  becomes  impor¬ 
tant,  for  light  of  wavelength  A  (and  critical  density  Ucr)  is  given 
by  n^Jucr  >  Xjzr,  We  can  calculate  the  Rayleigh  length,  de¬ 
fined  as  twice  the  length  over  which  the  laser  intensity  drops 
by  a  factor  of  2,  using  the  simple  expression  Zr  =  2y/2  fd, 
where  /  is  the  /-number  of  the  focusing  optics  and  d  is  the 
focal  spot  diameter.  The  expression  comes  from  purely  geomet¬ 
rical  assumptions  and  is  reasonable  for  nondiffraction-limited 
laser  beams.  Taking  /  =  4.5  and  d  =  20  //m,  the  Rayleigh 
length  in  our  condition  is  260  /im.  For  A  -  1  /im  light, 
we  find  that  ionization-induced  defocusing  becomes  important 
for  Tie  4  X  10^^  cm“^.  Above  this  density,  we  can  expect  that 
the  maximum  vacuum  intensity  will  not  be  reached.  This  is  in¬ 
deed  apparent  in  the  Raman  spectra  with  the  focus  at  the  center 
of  the  jet,  where  the  anti-Stokes  amplitude  actually  decreases 
above  this  density.  In  fact,  at  a  density  of  only  1.8  x  10^‘^  cm“^, 
the  Raman  satellites  are  completely  “washed  out”  by  the  rising 
blue-shifted  tail  of  the  driver  frequency.  The  blueshift  is  gener¬ 
ated  by  ionization  and  the  resultant  time-dependent  decrease  in 
refractive  index,  similar  to  the  spatial  dependence,  which  causes 
ionization-induced  defocusing.  Hence,  it  is  a  good  indicator  of 
the  importance  of  ionization  in  the  interaction  [23].  The  Raman 
spectra,  when  focused  at  the  edge  of  the  jet,  exhibits  a  greatly 
reduced  ionization  blue-shift,  and  so  indicates  an  alleviation  of 
ionization-induced  diffraction  effects.  This  shows  the  impor¬ 
tance  of  good  positioning  of  the  focal  position.  Indeed,  we  find 


that  movements  as  small  as  250  ^m  either  side  of  an  optimum 
position  can  reduce  the  maximum  number  of  accelerated  elec¬ 
tron  by  orders  of  magnitude.  This  also  demonstrates  the  impor¬ 
tance  of  having  a  (supersonic)  gas  jet  with  a  sharp  vacuum-gas 
interface. 

Also  interesting  to  note  in  Fig.  2(b),  which  shows  an  image 
with  the  focus  at  the  edge  of  the  jet,  is  that  the  filament  not  only 
propagates  forward,  but  also  has  filament  branching  away  from 
the  main  filament,  marked  in  the  figure  as  A.  Indeed,  the  main 
filament  seems  to  terminate  into  two  filaments  moving  away  at 
an  angle  of  around  10°,  at  position  B.  This  lateral  movement  of 
laser  energy,  which  does  not  necessarily  occur  from  the  initial 
focal  position,  was  seen  often  when  the  beam  shows  signs  of 
channeling.  Simulations  of  channeled  beams  (with  slightly 
different  parameters)  have  shown  such  lateral  movement  can 
result  from  the  termination  of  transverse  oscillations  of  the 
beam  center  because  of  “hosing  instabilities”  [34],  [35].  In 
these  simulations,  it  is  seen  that  this  lateral  filamentation  can 
be  seeded  by  kinking  of  the  electron  beams  generated  by  the 
interaction,  which  are  subject  to  transverse  center  of  beam 
instabilities.  Sideways  motion  of  a  high-intensity  beam  would 
of  course  have  serious  implications  for  applications  of  whole 
beam  self-channeling. 

Figs.  4  and  5  show  a  series  of  images  of  shots  taken  with 
fixed  density  and  increasing  intensity  (Fig.  4),  and  with  fixed  in¬ 
tensity  and  increasing  density  (Fig.  5).  The  ratio  of  laser  power 
over  critical  power  for  self-focusing  P/Per  is  presented  for  each 
shot,  which  is  proportional  to  laser  power/electron  density.  In 
all  cases,  the  laser  was  focused  at  the  same  position,  500  fim 
from  the  edge  of  the  gas  jet  (i.e.,  x  =  4.75  mm  in  the  fig¬ 
ures).  As  we  can  see  for  a  fixed  plasma  density  of  1.4  x  10^^ 
cm“^,  as  the  laser  power  is  increased,  the  length  of  the  scattered 
signal  increases.  Indeed,  at  a  laser  energy  of  4.6  J  (P/Per  ~ 
3.8 — for  which  ao  ^  1),  we  see  intense  scattering  only  near 
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Fig.  4.  Self-scattered  images  of  laser  propagating  in  a  gas  jet  at  a  plasma 
density  of  1.4  x  10^®  cm“^,  for  increasing  on  target  laser  energy  and 
correspondingly  PjPcr-  Direction  of  the  laser  is  right  to  left,  and  the  extent 
of  the  gas  is  marked  by  the  faint  (time-integrated)  background  glow  of  the 
unionized  gas.  C  indicates  the  branching  of  a  filament. 

focus  [Fig.  4(a)].  With  increasing  energy,  the  scattering  region 
increases,  in  a  volume  closely  representing  the  /4  cone  of  the 
laser  beam,  until  the  laser  energy  is  about  15  J,  where  the  length 
of  this  cone  no  longer  increases.  However,  signs  of  a  thinner  re¬ 
gion  of  scattering  extending  away  from  this  cone  are  apparent 
[e.g.,  the  filament  marked  C  in  Fig.  4(b)].  For  Pj Per  around  15, 
this  filament  extends  by  over  2  mm;  all  the  way  to  the  other  edge 
of  the  gas  jet,  as  seen  in  Fig.  4(b).  As  mentioned  before,  to  main¬ 
tain  intensities  above  the  ionization  threshold,  for  the  first  ion¬ 
ization  of  helium,  the  intensity  must  be  greater  than  2.5  x  10^^ 
Wcm~^ .  In  reality,  the  intensity  in  these  filaments  must  be  rather 
higher,  not  only  because  we  do  not  see  any  Thomson  scattered 
signal  for  beam  energies  less  than  3  J,  but  also  because  we  must 
be  close  to  relativistic  intensities  to  be  subject  to  the  plasma 
nonlinearities  that  cause  these  extended  filament  [36].  The  laser 
power  in  the  filament  must  be  above  Per-  Because  the  original 
power  of  the  laser  beam  is  many  times  Per ,  this  is  not  unreason¬ 
able.  However,  the  fact  that  it  takes  powers  many  times  Per  to 
see  these  extended  filaments  suggest  that  much  of  the  laser  en¬ 
ergy  is  not  trapped  into  a  long  filament,  as  is  evidenced  by  the 
(/4)  cone  of  scattered  light  naturally  diffracting  away  from  the 
vacuum  focal  position.  Fig.  4(b)  shows  the  filament  branching 
into  two  close  to  its  end,  as  in  Fig.  2(b),  (marked  C  in  the  figure). 
This  branching  is  even  more  apparent  in  Fig.  4(c),  which  shows 
two  clearly  separated  filaments,  both  of  high-intensity,  propa¬ 
gating  all  the  way  from  close  to  focus  to  the  other  edge  of  the  jet. 
Many  such  instances  of  these  multiple  filaments  are  observed  at 
P/Per  >  20,  though  most  tend  to  remain  within  the  cone  angle 
of  the  original  laser  beam. 

Fig.  5  shows  the  Thomson  scattered  images  for  a  variety  of 
densities  (again  represented  as  a  function  of  P/Per),  foi*  a  fixed 
laser  power  of  around  25  TW.  Generally,  the  features  are  similar 
to  those  at  corresponding  values  of  P/ Per  for  fixed  density  and 
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Fig.  5.  Self-scattered  images  of  propagation  of  a  25-TW  laser  in  various 
densities  of  gas  jet.  Direction  of  the  laser  is  right  to  left,  and  the  extent  of  the 
gas  is  marked  by  the  faint  (time-integrated)  background  glow  of  the  unionised 
gas. 

increasing  intensity  (Fig.  4).  In  particular  for  P/Per  10-15,  a 
clear  filament  can  be  observed,  extending  beyond  a  broader  con¬ 
ical  region  of  emission,  where  the  laser  appears  to  be  diffracting 
naturally.  At  yet  higher  densities  (and,  therefore,  Pj  Per),  mul¬ 
tiple  filaments  are  again  seen  to  form  that  can  extend  over  the 
whole  length  of  the  gas  jet.  However,  a  major  difference  is  ob¬ 
served  at  lower  densities,  i.e.,  closer  to  the  critical  power  for 
relativistic  self-focusing.  Though  the  first  sign  of  scattering  is 
roughly  at  the  same  value  of  PI  Per,  the  shape  of  the  scattering 
region  is  different  to  that  at  low  intensity.  At  low  densities  [Fig. 
5(a)],  we  still  see  the  conical  shape  of  the  laser  beam  diffracting 
naturally.  However,  with  the  equivalent  P/ Per  at  lower  energy 
and  higher  density  [Fig.  4(a)],  we  see  a  more  intense,  but  much 
shorter  scattering  region.  The  difference  in  intensity  of  scat¬ 
tering  is  expected,  because  of  the  •  I  dependence  of  Thomson 
scattering.  The  difference  in  length  of  the  scattering  signals  can 
be  explained  by  the  rate  of  ionization,  which  is  different  in  the 
two  cases.  Because  the  intensities  are  well  above  the  threshold 
values  for  tunnel  ionization,  the  ionization  rates  and,  hence,  rate 
of  ionization-induced  defocusing  is  almost  independent  of  the 
laser  intensity.  However,  it  does  depend  linearly  on  the  density 
of  plasma  created,  because  the  path  difference  between  two  rays 
traveling  in  ionized  and  rionionized  parts  of  the  jet  is  propor¬ 
tional  to  Arie  •  dl.  Therefore,  at  higher  density,  ionization  de¬ 
focusing  can  reduce  significantly  the  distance  over  which  the 
beam  defocuses,  as  we  appear  to  observe  in  Fig.  4(a).  It  also  ex¬ 
plains  why  it  is  necessary  to  be  many  times  the  critical  power 
for  relativistic  self-focusing  for  us  to  see  signs  of  self-chan¬ 
neling.  As  a  result  of  the  relatively  high  densities  required  in 
the  self-modulated  wakefield,  as  in  our  experiments  (>1  x  10^^ 
cm~^),  it  is  difficult  to  envisage  channeling  in  such  a  scheme 
at  powers  close  to  Per,  without  the  aid  of  a  plasma-producing 
prepulse. 
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Fig.  6.  Spectrally  dispersed  self-scattered  images  of  propagation  of  a  33-TW 
1. 054-// m  laser  in  plasma  of  density  1.4  x  10’^  cm“'^  (orifice  size  =  3.5  mm), 
viewed  orthogonally  to  the  direction  of  propagation.  The  laser  travels  from  right 
to  left  and  is  focused  at  the  marked  position  where  .r  =  4.75  mm.  Inset  shows 
the  wavevector  matching  for  this  angle  of  scattering. 

B.  Spectra  of  Self-Scattered  Images 

Most  studies  of  self-channeling  of  laser  pulses  have  relied  on 
the  Thomson  scattering  images  to  infer  propagation  lengths  of 
the  interaction.  However,  despite  the  large  amount  of  qualitative 
data  we  can  obtain  from  these  images,  we  must  be  wary  in  inter¬ 
preting  these  images,  as  is  demonstrated  by  spectral  dispersion 
of  these  images.  Fig.  6  shows  a  typical  spectrum  of  one  of  the 
Thomson  scattered  images,  taken  with  a  transmission  grating 
placed  in  front  of  the  image  forming  lens,  so  that  there  is  com¬ 
bined  spatial  and  spectral  information.  The  image  was  taken  at 
P/Per  ^  30;  (density  =  1.4  x  10^^  cm“^,  laser  power  =  33 
TW).  The  figure  shows  some  surprising  features.  Firstly,  in  the 
region  marked  2  in  the  figure,  the  spectra  shows  a  prominent 
blue  satellite.  A  similar  feature  to  the  red  side  is  not  seen,  be¬ 
cause  of  the  insensitivity  of  the  Si-based  CCD  camera  used, 
above  1.1  pm.  For  Thomson  scattering  to  be  in  this  collective 
regime  with  clearly  separated  satellites,  the  relation  kpXc!  <  1 
must  hold.  In  the  case  of  viewing  orthogonal  to  the  laser  prop¬ 
agation,  kp  ^  \/2ko,  as  shown  in  the  inset  of  Fig.  6.  This 
would  suggest  that  the  temperature  of  the  scattering  plasma  is 
less  than  3.5  keV.  Indeed,  the  satellite,  just  beyond  the  focus, 
shows  no  discernible  Bohm-Gross  shift  to  the  plasma  frequency 
+  suggesting  that  it  is  much  colder  than 

this.  The  Thomson  scattering  nature  of  this  light  is  confirmed 
by  variations  in  density  or  intensity,  which  show  the  scattering 
is  proportional  to  nf  •  /,  as  expected  in  the  collective  regime. 
Noticeably,  this  blue  satellite  appears  to  start  slightly  beyond 
the  focal  position,  and  its  length  is  the  same  as  that  of  the  bright 
cone  of  naturally  unchanneled  light  seen  in  Figs.  4  and  5.  Indeed, 
it  is  difficult  to  view  the  scattered  light  from  the  longer  length 
filaments  because  the  scattering  is  much  dimmer,  except  close 
to  where  they  terminate,  where  they  show  the  same  behavior  as 
for  the  uncaptured  light  closer  to  the  vacuum  focal  position  [for 
example,  as  in  Figs.  4(b)  and  5(b)]. 

As  can  be  seen,  the  satellite  shows  a  marked  shift  to  the  blue 
further  into  the  gas  jet.  This  second  “burst”  of  scattering  has  a 
Bohm-Gross  shift  that  corresponds  to  a  temperature  of  around 
450  eV.  Also  of  interest  is  the  ion  feature;  the  scattering  close 
to  the  wavelength  of  the  driver  pulse  Aq,  in  particular,  at  the 
highest  powers  (or  highest  density  because  the  spectra  are  sim¬ 
ilar  for  similar  values  of  P/Per)-  As  we  can  clearly  see,  this 


feature  seems  to  blue  shift  as  the  scattering  comes  from  later 
in  the  propagation  of  the  pulse.  This  blue-shifting  could  well 
be  the  result  of  ionization-induced  self-phase  modulation  of  the 
driver  pulse.  However,  it  is  surprising  that  all  of  the  scattered 
light  becomes  blue-shifted  (without  any  Aq  component),  consid¬ 
ering  that  most  of  the  light  at  Aq  detected  in  the  forward  scatter 
is  unshifted  (despite  a  strong  blue-shifted  tail  from  ionization). 
Recent  higher  resolution  probing  of  this  interaction  [37]  has 
showed  that  though  much  of  the  laser  light  is  captured  into  a 
channel  of  a  high  /-number,  a  good  amount  of  light  leaks  away 
from  this  cone,  perhaps  because  of  ionization-induced  refraction 
[38]  early  in  the  pulse,  or  intense  Raman  side  scatter  [15],  [16]. 
This  light  would  then  be  subject  to  further  ionization  (because  it 
travels  through  as  yet  nonionized  gas),  and  further  blueshifling. 
This  simple  picture  could  be  complicated  by  the  bulk  motion  of 
the  plasma. 

Another  interesting  feature  is  the  broad  bright  burst  of  scat¬ 
tering  centered  on  Aq,  right  at  the  start  of  the  scattering  region 
(marked  1  in  the  figure).  The  position  of  this  scattering  in  the 
gas  jet  does  not  change  and  is  very  close  to  where  we  expect  the 
vacuum  focus  position  to  be.  The  scattering  only  appears  at  the 
highest  powers  or  densities  (i.e.,  for  P/Prr  >  30).  Noticeably, 
it  begins  about  200-300  pm  before  the  electron  feature.  The 
1/e  width  of  this  feature  is  found  to  be  50.5  (±1.0)  nm,  which 
corresponds  to  an  electron  temperature  of  around  350  eV,  were 
this  from  incoherent  Thomson  scattering.  But  for  any  form  of 
heavily  damped  scattering,  we  can  expect  that  kpX,i  >  1,  This 
gives  an  upper  bound  for  the  plasma  density  in  this  region  of 
7ic  <  1.3  X  10^^  cm“^,  suggesting  that  we  are  seeing  scattering 
from  close  to  the  vacuum-gas  interface.  The  sharp  appearance 
of  this  scattering  indicates  that  some  form  of  stimulated  process 
is  involved;  otherwise,  incoherent  scattering  should  scale  with 
density  and  laser  intensity  and  should  be  proportional  in  scat¬ 
tering  intensity  to  the  strength  of  the  rest  of  the  scattered  signal 
(at  least  in  changes  of  density  and  intensity).  This  type  of  scat¬ 
tering,  where  the  plasma  waves  are  heavily  damped,  is  often  re¬ 
ferred  to  as  stimulated  Compton  scattering.  This  demonstrates 
that  self-scattering  in  these  high-intensity  interactions  can  be 
from  different  regimes,  in  different  parts  of  the  interaction,  and 
is  not  necessarily  Thomson  scattering.  It  seems,  therefore,  that 
we  must  take  great  care  in  defining  the  properties  of  a  self-chan¬ 
neling  beam  from  only  the  images  of  scattered  light. 

C.  High-Resolution  Self-Scattering  Spectra 

Thomson  scattered  images  were  also  obtained  orthogonal  to 
both  the  beam  and  the  plane  of  polarization.  This  is  the  direc¬ 
tion  in  which  the  scattering  should  be  maximized.  The  images 
seen  were  qualitatively  the  same  as  those  taken  slightly  off  the 
plane  of  polarization,  shown  in  Figs.  2,  4,  and  5.  Again,  these 
images  were  spectrally  dispersed.  This  was  done  by  imaging 
the  Thomson  scattered  light  on  to  the  slit  of  an  imaging  spec¬ 
trometer,  thus,  giving  higher  spectral  resolution,  coupled  to  the 
spatial  information.  The  slit  was  aligned  along  the  direction  of 
propagation  of  the  laser.  Fig.  7  shows  a  density  scan  of  these 
spatially  resolved  spectra,  for  a  variety  of  Again,  a  series 

done  with  varying  intensity  are  qualitatively  similar,  for  the  cor¬ 
responding  value  of  P/Per,  except  at  the  low  intensity,  where 
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Fig.  7.  Spatially  resolved  high-resolution  Thomson  scattering  spectra  in 
direction  mutually  orthogonal  to  direction  of  propagation  of  laser  beam  and  its 
polarization  for  varying  P/Pcr-  (^)  ^l^cr  =  4.0  {Ue  =  3.0  x  10^®  cm“^, 
Pias  =  27.2  J),  (b)  P/Pcr  =  11.4  (»e  =  7.5  X  IQi®  cm-^  Pias  =  30.9  J), 
(c)  P/Pcr  =  28  (»e  =  2.0  X  10^9  cm-3,  =  27.6  J),  (d)  P/P,,  =  33 

{n^  =  1.4  X  10^®  cm“^,  Pias  =  33.2  J).  Direction  of  the  laser  is  upward. 
The  focus  is  the  same  at  x  =  4.75  mm  on  the  spatial  axis. 


the  feature  is  smaller,  because  of  ionization  defocusing.  For  the 
lowest  density  case  [Fig.  7(a)],  the  feature  seems  to  have  moved 
further  along  the  direction  of  propagation  of  the  laser  (by  over 
1.5  mm).  This  gradual  moving  of  the  scattering  feature  away 
from  focus  as  the  density  is  reduced  is  seen  in  all  of  the  Thomson 
scatter  diagnostics.  This  indicates  that  ponderomotive  reduction 
of  the  plasma  density  close  to  focus  is  more  significant  at  the 
lowest  densities.  This  is  as  expected  because  the  space-charge 
restoring  force  will  be  less  in  this  case.  Noticeably,  for  all  shots 
of  low  P/Pcr^  there  is  an  absence  of  the  blue  satellite,  but  the 
red  satellite  is  clearly  visible.  This  would  suggest  that  in  these 
shots,  a  three-wave  stimulated  scattering  process  was  in  action. 
However,  for  increasing  density,  the  blue  satellite  does  appear, 
as  shown  by  the  almost  symmetrical  feature  in  Fig.  7(b).  The 
scattering,  hence,  appears  to  mirror  the  FRS  (as  we  shall  see 
later).  Unfortunately,  once  more  the  Stokes  (red)  satellite  is  lost 
,at  densities  greater  than  1  x  10^^  cm~^,  because  of  the  detector 


response.  On  some,  though  not  all,  shots,  at  high  P/Pcr>  the 
scattering  feature  is  seen  to  extend  all  the  way  to  the  edge  of  the 
jet  [as  shown  in  Fig.  7(d)].  The  scattering  then  shows  a  prefer¬ 
ence  for  the  blue  side  of  Aq,  as  seen  in  the  other  imaging  chan¬ 
nels.  However,  the  higher  dispersion  shows  a  curious  feature,  the 
presence  of  strong  modulations  in  the  broad-shifted  blue  satel¬ 
lite.  The  modulations  are  neither  regular  nor  related  to  charac¬ 
teristic  oscillations  of  the  interaction.  Strong  modulation  of  ion¬ 
ization-induced  blue-shifted  light  [39]  has  been  observed  previ¬ 
ously,  and  it  could  be  that  it  is  just  this  blue-shifted  light  that  is 
being  rescattered.  This  extended  modulated  feature  is  not  seen 
on  all  shots  [e.g.,  Fig.  7(c)],  because  it  depends  on  the  angle  of 
the  filament  created  on  the  shot  and,  hence,  is  not  seen  when  the 
filament  is  misaligned  from  the  (200  ^m)  slit  of  the  spectrom¬ 
eter  used. 

There  is  scattered  light  close  to  Aq  along  the  whole  length  of 
the  scattered  signal  in  Fig.  7(d).  This  is  in  contrast  to  the  scat¬ 
tering  profile  in  Fig.  6,  which  showed  only  light  to  the  blue  side 
of  Aq.  Noticeably,  the  Aq  light  is  slightly  shifted  close  to  focus, 
but  this  time  to  the  red.  This  is  clearer  on  Fig.  7(c),  where  there 
is  no  light  from  the  filament  passing  into  the  spectrometer,  and 
a  shift  of  approximately  10  nm  is  observed.  Such  a  shift  could 
result  from  any  process  that  acts  to  rapidly  increase  the  refrac¬ 
tive  index  of  the  laser  beam  as  it  travels  through  the  gas  jet.  A 
simple  estimate  gives  the  wavelength  shift  of  the  fundamental 
frequency  Aq  as  AA/Aq  =  -L/2neWp/wQ  d/dt  (ne/7),  where 
L  is  the  interaction  length,  and  the  Lorentz  factor  7,  given  in 
terms  of  the  normalized  vector  potential,  is  7  =  (1  + 

Red  shifts  can  result  from  processes  that  act  to  decrease  the  ef¬ 
fective  plasma  density  ne/7,  such  as  relativistic  or  ponderomo¬ 
tive  blow-out  effects.  From  the  shape  of  the  red-shifting  in  Fig. 
7(c),  which  takes  place  gradually  as  the  light  travels  close  to  1 
mm  in  the  gas  jet,  we  can  see  that  the  red- shifting  takes  place 
on  the  time  scale  that  it  takes  the  pulse  to  traverse  this  distance. 
Calculating  the  change  in  density  required  over  this  distance 
to  obtain  such  a  shift,  we  obtain  A{ne/j)  ~  ng.  If  only  den¬ 
sity  changes  were  responsible  for  this  change,  this  would  imply 
total  cavitation  of  the  plasma.  This  seems  unlikely  because  we 
would  then  expect  a  rapid  decrease  in  the  strength  of  the  signal 
as  the  number  of  scatterers  is  reduced.  Indeed,  simulations  show 
that  the  hot  plasma  temperatures  within  self-focusing  filaments 
serve  to  prevent  total  cavitation  [41].  Hence,  the  focal  spot  size 
must  also  be  changing,  giving  evidence  of  an  increase  in  inten¬ 
sity  within  the  filaments. 

The  plasma  channels  left  behind  by  the  filaments  are  clearly 
observed  by  schlieren  images  of  the  plasma,  which  serve  to 
highlight  high-density  gradients  caused  by  ionization  of  the 
laser  channels,  by  ponderomotive  expulsion,  and  by  thermal 
expansion  of  the  plasma.  A  particularly  long  and  straight 
channel  extending  over  the  whole  length  of  the  gas  jet  is  shown 
in  Fig.  8. 

D.  Small  Angle  Resonant  Thomson  Scattering 

As  described  before,  a  frequency-doubled  probe  beam  was 
injected  to  the  CPA  driver  at  74°.  The  scattering  of  this  probe 
beam  at  an  angle  of  3.5°  has  a  component  corresponding  to  the 
scattering  from  a  wave  whose  wavenumber  kp  is  equal  to  that  of 
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Fig.  8.  Schlieren  image  delineating  sharp  density  gradients  in  a  plasma  created 
by  propagation  of  a  29-TW  laser  in  a  gas  jet,  giving  a  plasma  density  of  = 
1.4  X  10^®  cm“^.  Direction  of  the  laser  is  right  to  left. 
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Fig.  9.  Small-angle  Thomson  scattering  image  of  an  electron  plasma  wave 
(EPW),  generated  by  a  28-TW  beam  in  a  plasma  of  density  1.9  x  10^^  cnT"^. 
The  laser  travels  from  right  to  left  (and  is  focused  at  :r  =  4.75  mm).  Spurious 
scattered  light  at  527  nm  has  been  attenuated  to  emphasize  the  u>p  shifted  light 
caused  by  the  EPW.  The  spectrally  broadbands  of  background  light  are  from 
bremsstrahlung  radiation. 


the  FRS-generated  “fast”  plasma  wave.  Fig.  9  shows  this  light 
that  has  been  reimaged  at  the  slit  of  an  imaging  spectrometer. 
The  resulting  image  is  gated  with  a  gated-optical  imager  with 
a  gate  time  of  1  ns.  Without  the  gating,  the  scattering  signal 
would  be  obscured  by  recombination  lines  of  helium  in  this  part 
of  the  spectrum.  The  horizontal  direction,  therefore,  gives  spa¬ 
tial  information,  whereas  the  vertical  is  spectral.  A  bright  fea¬ 
ture  is  seen  at  the  wavelength  of  the  probe  (527  nm).  This  is  de¬ 
spite  the  presence  of  a  notch  filter,  which  attenuates  this  light  by 
10^.  This  is  mostly  stray  scattering  from  the  optics  used,  as  can 
be  seen  by  the  uniformity  of  this  signal  across  the  whole  field. 
We  do  not  expect  to  see  much  scattering  from  ion  wave-type 
oscillations  because  the  phase  velocity  of  the  waves  detected 
at  this  angle  would  be  too  high.  The  feature  below,  shifted  by 
J^30  nm,  is  the  collective  scattering  from  the  electron  plasma 
wave  (a;^  =  a;o  -  cUp).  Notice  that  no  corresponding  feature 
is  observed  to  the  blue  side  of  2uj,  because  it  is  prohibited  by 
the  wavematching  conditions.  The  scattering  has  a  bursting  na¬ 
ture  (i.e.,  strongly  modulated  in  intensity),  similar  to  some  of 
the  self-scattered  images  of  the  driver  beam.  The  signal  on  this 
shot  is  particularly  impressive  because  it  extends  over  the  whole 
length  of  the  gas  jet,  3.5  mm  or  more  than  12  Rayleigh  lengths 
from  focus.  Indeed,  we  can  detect  the  profile  of  the  gas  jet,  with 
a  dip  in  density  in  the  middle  and  sharply  falling  density  at  the 
edges  of  the  gas  jet.  The  lower  plasma  frequency  at  the  center  of 
the  gas  jet  caused  by  lower  gas  density  was  confirmed  by  taking 


lower  intensity  shots  focused  at  the  center  of  the  jet.  These  shots 
reproduce  the  lower  density  in  their  FRS  spectra,  and  so  exclude 
the  effect  of  nonlinear  processes,  such  as  a  relativistic  or  pon- 
deromotive  reduction  in  the  effective  plasma  frequency.  Indeed, 
the  FRS  spectra  on  the  same  shot  as  Fig.  9  has  two  anti-Stokes 
satellites  at  the  two  frequencies  corresponding  to  the  two  dif¬ 
ferent  density  regions  of  the  jet.  A  limit  for  the  extent  of  cavi¬ 
tation  can  be  obtained  by  looking  at  the  width  of  the  scattered 
satellite  near  focus  in  Fig.  9.  It  is  found  to  be  about  12.5  nm  or 
about  33%  of  cOp.  So  the  reduction  in  density  is  not  more  than 
?ii50%.  At  the  other  edge  of  the  jet,  the  satellite  is  even  narrower, 
so  that  cavitation  is  even  less  significant  in  this  part  of  the  fila¬ 
ment. 

Recent  simulation  results  have  shown  that  a  beam  subjected 
to  FRS  undergoes  many  complex  processes.  In  particular,  pulse 
erosion  of  the  front  of  the  pulse  is  vital  for  generating  a  large 
amplitude  plasma  wave  that  serves  to  seed  the  interaction  [15], 
[41].  As  the  laser  beam  propagates  through  the  plasma  wave, 
wavebreaking  within  the  pulse  as  well  as  self-phase  modula¬ 
tion  causes  the  phase  within  the  pulse  to  become  incoherent. 
The  bulk  of  the  pulse  is  also  susceptible  to  other  instabilities 
(hosing,  ponderomotive,  ion  motion)  [5].  These  effects  reduce 
the  effectiveness  of  the  main  part  of  this  (relatively  long)  laser 
pulse  in  plasma  wave  generation.  However,  at  the  same  time, 
the  front  end  can  become  so  deeply  eroded  that  at  relativistic 
laser  intensities,  the  front  edge  generated  plasma  wave  can  be 
of  the  order  of  the  wavebreaking  limit.  Indeed,  we  can  estimate 
the  amplitude  of  the  plasma  wave  because  on  many  shots,  it  is 
possible  to  observe  the  second  harmonic  of  the  plasma  wave 
scattered  into  the  diagnostic  (cj.s  =  ojq  -  2up),  These  are  shots 
where  the  background  from  bremsstrahlung  is  low.  At  a  large 
amplitude,  the  harmonic  content  of  the  plasma  wave  is  an  in¬ 
dicator  of  its  nonlinearity,  which  is  directly  dependent  on  its 
amplitude.  We  estimate  that  the  plasma  wave  amplitude  is  40% 
(±20)  [26].  This  is  consistent  with  the  wave  amplitude  observed 
in  particle-in-cell  (PIC)  simulation  [43]  and  is  generally  lim¬ 
ited  by  beam  loading  of  the  electron  plasma  wave  (EPW).  The 
Wakefield  generated  by  a  step  function  increase  in  intensity  is 
given  by  Sur/no  =  (l/2)ao(l  +  where  the  maximum  nor¬ 
malized  vector  potential  is  related  to  the  laser  intensity  I  by 
Aao  =  (0.86  ■  A  [//m]  •  /^/^[xlO^®  Wcm“^]).  This  gives  us 
an  estimate  for  the  intensity  of  the  laser  filament,  which  was 
observed  for  greater  than  12  Rayleigh  lengths  from  focus,  at 
8  X  10^^  Wcm“^.  Indeed,  because  the  plasma  wave  amplitude 
is  limited  by  beam  loading  effects,  it  is  conceivable  that  the  in¬ 
tensity  in  the  filament  is  greater  than  this. 

When  the  maximum  possible  vacuum  intensity  is  reduced  to 
this  intensity  (by  reducing  the  laser  energy  by  a  factor  of  6  from 
the  maximum  possible  vacuum  intensity  of  5  x  10^^  Wcm“^), 
the  EPW  scattered  signal  actually  drops  below  the  level  observ¬ 
able  by  this  diagno.stic.  Though,  as  we  have  already  said,  the 
vacuum  focused  intensity  is  never  reached  because  of  ioniza¬ 
tion-induced  defocusing.  Though  other  high-intensity  effects, 
such  as  observation  of  intensity-dependent  plasma  frequency 
and  half-harmonic  Raman  spectra,  have  been  observed  previ¬ 
ously  [10],  spatially  resolved  Thomson  scattering  is  the  first 
positive  indication  of  high-intensity  effects  within  the  filament 
of  a  channeling  laser  beam,  and  that  these  intensities  persist  over 
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Fig.  10.  Length  of  small-angle  Thomson  scattering  image  of  an  electron  plasma  wave  as  a  function  of  incident  laser  energy  in  a  1-ps  pulse,  for  a  plasma  of  density 
1.4  X  10^®  cm"®. 


12  X  the  Rayleigh  length  is  a  clear  verification  of  relativistic  self 
focusing. 

Also  of  interest  in  Fig.  9  is  the  spectrally  broadband  of 
light  that  appears  over  the  whole  spectrum  but  is  spatially 
modulated.  Because  recombination  light  is  not  significant 
over  the  time  range  observed  (?^1  ns),  this  light  must  be 
caused  by  laser-induced  bremsstrahlung.  The  efficiency  of 
bremsstrahlung  emission  is  proportional  to  the  number  density 
of  ions  and  electrons,  but  is  very  weakly  dependent  on  temper¬ 
ature  for  plasma  temperatures  above  4  eV.  For  our  plasma,  just 
the  above-threshold  ionization  heating  of  the  first  electron  of 
helium  should  be  well  above  this  energy,  so  that  the  scattering 
observed  is  almost  independent  of  temperature.  Therefore, 
the  large  fluctuations  of  bremsstrahlung  along  the  direction  of 
propagation  of  the  laser  beam  are  the  result  of  fluctuations  in 
the  number  of  scattering  centers.  This  could  be  because  of  a 
decreasing  number  density  caused  by  ponderomotive  blow-out; 
however,  the  scattering  from  the  plasma  wave  does  not  decrease 
where  the  bremsstrahlung  intensity  decreases.  A  severely 
cavitated  channel  is  unlikely  to  support  a  large  amplitude 
plasma  wave;  hence,  it  is  unlikely  that  this  is  the  reason  for  the 
changes  in  bremsstrahlung  intensity.  The  number  of  scatterers 
is  also  dependent  on  the  beam  size,  because  a  larger  number 
are  involved  in  the  bremsstrahlung  process,  which  is  dependent 
only  on  photon  number,  not  intensity.  The  varying  intensity  is, 
therefore,  an  indicator  of  varying  spot  size.  As  indicated  in  the 
figure,  a  variation  of  intensity  from  around  1500  counts  to  350 
counts  per  pixel  corresponds  to  a  doubling  of  the  spot  size.  In 
fact,  it  is  then  remarkable  that  the  spot  size  remains  so  constant 
over  such  long  distances;  e.g.,  for  the  first  mm  at  the  front 
of  the  gas  jet  in  this  figure,  the  spot  size  would  not  be  changing 
by  more  than  10%. 

The  length  of  the  plasma  wave  scattered  feature  does  not  ex¬ 
tend  over  the  whole  gas  jet  on  all  shots.  Indeed,  it  is  usually 


smaller.  Fig.  10  shows  the  variation  of  the  Thomson  scattered 
feature  with  intensity.  Evidently,  as  the  laser  energy  is  increased, 
the  channel  length  increases,  though  the  shot-to-shot  variation 
is  high.  A  similar  increase  in  length  is  also  observed  with  in¬ 
creasing  density  (up  to  the  maximum  allowed  for  our  gas  jet). 
This  suggests  that  the  efficiency  of  channel  creation  is  roughly 
proportional  to  P/Pcr- 

E.  Forward  Raman  Scattering 

This  interaction  is  characterized  by  its  susceptibility  to  FRS. 
This  is  manifest  in  the  modulation  of  the  transmitted  laser  spec¬ 
trum  at  multiples  of  the  plasma  frequency.  Also  characteristic 
is  production  of  high  fluxes  of  electrons  (>10®  in  an  /60  cone) 
that  result  from  the  transition  to  turbulence  of  the  daughter  EPW 
generated  by  the  FRS.  This  chaotic  behavior  is  termed  wave¬ 
breaking,  and  it  occurs  when  the  EPW  amplitude  Ar^e/no  is 
close  to  unity,  i.e.,  when  charge  sheets  are  able  to  overlap  in 
the  longitudinal  wave,  such  that  electrons  from  one  oscillation 
period  cross  over  to  the  next  period  and,  thus,  feel  a  large  accel¬ 
erating  force  rather  than  the  returning  force  of  their  harmonic 
motion.  This  behavior  is  clear  in  the  spectra  of  the  transmitted 
light,  in  which  the  first  satellite  (shifted  at  from  cjq)  becomes 
broad  and  modulated  as  its  amplitude  reaches  close  to  that  of  the 
fundamental  frequency  light.  Fig.  1 1  shows  the  number  of  elec¬ 
trons  detected  in  energy  channels  between  23  and  29  MeV  as  a 
function  of  plasma  frequency.  Also  plotted  are  the  amplitudes  of 
the  anti-Stokes  satellite  versus  the  transmitted  light  at  the  fun¬ 
damental  frequency.  As  can  be  seen,  the  satellite  height  rises 
rapidly  as  cjp  (and,  thus,  density)  is  increased,  until  at  a  density 
close  to  1  X  10^^  cm“^  (a;p/a;o  «  0.1),  it  reaches  close  to  unity. 
At  this  density,  the  electron  signal  at  this  energy  increases  even 
more  rapidly,  to  a  maximum  of  around  10^  electrons/megaelec- 
tronvolts  for  some  shots.  This  rapid  increase  in  electron  numbers 
corresponds  to  wavebreaking. 
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Fig.  11.  Ralio  of  anli-Slokes  lo  fuiulamental  frequency  of  tran.sniitied  beam  as  a  function  of  plasma  frequency,  and  tuimbers  of  electrons  detected  in  an  /GO  cone 
between  23  and  29  MeV  as  a  function  of  plasma  frequency,  for  shots  with  laser  power  in  the  range  22  to  30  f  W. 


Some  electron  energy  spectra  are  shown  in  Fig.  12  for  shots 
at  the  same  laser  power  and  plasma  density,  which  exhibited 
different  channel  lengths  in  the  image  and  Thomson  scattering 
channels.  The  dephasing  energy  is  given  by  ITj^ax  4- 

(valid  in  the  limit  r7ph  >  1)  i42J.  In  these  shots,  the 
Lorentz  factor  7pii  =  8.5  (77,  ==  1.4  x  10^'^  cm“'^),  and  as  found 
previously,  the  EPW  amplitude  (r  —  measured  to 

be  0.4.  Hence,  the  expected  maximum  energy  gain  would  be  55 
MeV.  As  can  be  seen,  the  highest  energy  observed  is  90  MeV.  In 
fact,  a  further  doubling  of  the  density  produces  very  little  change 
in  the  spectrum  observed,  despite  an  almost  4x  reduction  in  the 
maximum  expected  energy  gain.  The  extra  acceleration  is  not 
caused  by  nonlinear  steepening  of  the  wake  amplitude  because 
then  we  would  measure  higher  values  of  r  with  our  Thomson 
scattering  diagnostic.  Indeed,  PIC  simulations  show  that  wake 
amplitudes  nevei-  exceed  our  measured  value  because  of  beam 
loading  effects  [43J.  These  simulations  also  exhibit  the  same  en¬ 
hanced  acceleration.  The  effect  is  attributed  to  the  high  current 
of  electrons  that  are  accelerated  by  the  EPW.  The  leading  part 
of  the  (micro)  bunch  of  accelerated  electrons  can  form  a  plasma 
Wakefield  in  which  to  accelerate  trailing  electrons,  so  creating 
a  staged  acceleration  process.  However,  this  simple  picture  can 
be  complicated  by  many  other  effects,  such  as  self-generated 
focusing  fields  [44],  relativistic  effects  [5],  incoherent  plasma 
dynamics  [45],  and  a  nonlinear  group  velocity  of  light  in  the 
plasma  wave  [46]. 

Also  of  note  in  Fig.  12  is  that  neither  the  electron  ener¬ 
gies  nor,  more  surprisingly,  the  electron  numbers  increase 
with  increasing  channel  length.  The  former  is  evidently  a 


result  of  the  most  energetic  electrons  being  close  to  their 
(modified)  dephasing  energies,  because  the  dephasing  length 
L,}  =  2y'^Xj,/7r  %  100  //m  is  less  than  the  length  of  the 
channel.  The  number  of  electrons  accelerated  might  be  thought 
to  increase  with  an  increase  in  the  amount  of  plasma  over 
which  the  plasma  wave  grows.  In  fact,  it  decreases.  Although 
very  few  shots  are  observed  with  the  longest  channel  lengths, 
there  can  be  many  explanations  as  to  why  this  happens;  it  could 
just  be  that  the  filaments  are  misaligned  with  our  rather  narrow 
electron  spectrometer  entrance  and  so  results  in  decreased 
signal  observation.  Also,  an  increased  channel  length  means 
the  presence  of  longer  lengths  of  transverse  electric  fields  that 
could  act  to  deflect  many  electrons.  It  seems  at  any  rate  that 
the  number  of  trapped  electrons  within  the  filaments  is  not 
particularly  great. 

FRS  is  a  four-wave  process,  because  a  downshifted  Stokes 
line  cannot  directly  couple  to  the  pump  laser  and  a  seed  rela¬ 
tivistic  plasma  wave  caused  by  the  wavematching  conditions. 
Hence,  in  FRS,  the  upshifted  and  downshifted  Raman  compo¬ 
nents  should  be  created  with  equal  amplitude.  Fig.  13  shows 
the  variation  in  intensity  of  the  Stokes  and  anti-Stokes  Raman 
satellite  as  a  function  of  density.  As  can  be  clearly  seen,  this 
is  not  the  case,  especially  at  low  densities  (cc^./^u  <  0.08), 
where  the  Stokes  satellite  is  much  greater  in  amplitude  than  is 
the  anti-Stokes  component.  As  density  increases,  the  anti-Stokes 
component  increases  in  amplitude  relative  to  the  Stokes  com¬ 
ponent.  Indeed,  it  appears  as  if  the  Stokes  component  is  falling 
in  amplitude.  However,  our  collecting  system  is  far  from  ideal 
for  this  measurement,  because  we  use  an  Si-based  CCD  camera 
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Fig.  12.  Numbers  of  electrons  accelerated  to  four  given  energies  as  a  function  of  electron  plasma  wave  length  (as  measured  by  small-angle  Thomson  scattering), 
on  four  shots  with  power  between  25-  and  30-TW  beam  in  a  plasma  of  density  of  1.4  x  10^®  cm"^. 


Fig.  13.  Ratio  of  Stokes  (A+)  and  anti-Stokes  (A")  lines  in  the  transmitted  Raman  spectra  to  the  transmitted  laser  energy  at  Aq,  plotted  as  a  function  of  plasma 
frequency. 


as  the  detector,  which  has  a  serious  fall  in  sensitivity  beyond 
wllOO  nm,  so  that  our  detection  system  is  almost  blind  to  the 
Stokes  satellite  for  densities  greater  than  1  x  10^^  cm“^.  These 
findings  seem  to  be  confirmed,  though,  when  the  detection  is 
performed  with  a  (bolometric)  thermal  imager  with  a  sensitivity 
up  to  ^2  /xm.  However,  because  of  the  low  dynamic  range  of 
this  detector  and  the  associated  large  error,  these  data  are  not 
presented  here.  It  seems  clear  then  that  the  four-wave  process 
is  preceded  by  a  three-wave  process,  which  preferentially  am¬ 


plifies  the  Stoke  satellite.  A  similar  dependence  with  intensity 
is  also  observed,  with  the  Stokes  satellite  greater  in  amplitude 
than  the  anti-Stokes  at  low  laser  powers,  but  with  the  anti-Stokes 
amplitude  rising  most  rapidly  until  at  high  powers  (>  15  TW  for 
Tie  —  1.5  X  10^®  Wcm”^),  they  are  approximately  equal  in 
amplitude.  Theoretical  studies  of  FRS  show  that  there  are  clear 
regimes  for  which  either  the  three-wave,  four-wave  nonreso¬ 
nant  (where  both  Stokes  and  anti-Stokes  grow,  but  the  former 
has  a  higher  growth)  or  four- wave  resonant  (where  Stokes  and 
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anti-Stokes  grow  equally)  are  dominant.  Indeed,  as  we  increase 
intensity,  the  scattering  evolves  from  three-wave  to  four-wave 
nonresonant  to  four-wave  resonant,  in  that  order  [9],  [47].  So 
the  observed  trend  of  larger  Stokes  leading  to  equal  Stokes  and 
anti-Stokes  amplitude  is  as  expected.  However,  with  increasing 
density,  the  opposite  should  happen,  because  the  plasma  wave 
wavenumber  decreases,  so  that  the  mismatch  in  wave  matching 
decreases.  Hence,  we  would  expect  the  Stokes  and  anti-Stokes 
to  be  more  equal  in  amplitude  with  decreasing  density,  oppo¬ 
site  to  what  is  observed.  The  reason  may  well  be  because  of  the 
influence  of  Raman  sidescatter.  Three-wave  processes  are  al¬ 
lowed  off-axis;  however,  for  the  four- wave  process,  the  amount 
of  mismatch  increases  at  angles  away  from  direct  forward  scat¬ 
tering.  Three-wave  small-angle  sidescatter  also  has  a  relatively 
high  growth  rate,  and  it  can  be  amplified  over  as  much  length 
as  direct  forward  scattering  because  of  the  large  range  of  an¬ 
gles  occupied  by  our  laser  beam  because  of  the  high  /-number 
focusing  optic  (^/4).  Because  it  can  then  propagate  with  the 
driver  laser  beam,  it  will  be  detected  in  the  transmitted  beam 
spectrum  and  can  act  as  a  supplementary  seeding  mechanism 
for  four- wave  FRS. 

IV.  Conclusion 

The  dynamics  of  a  high-intensity  short  pulse  laser  propa¬ 
gating  in  an  underdense  plasma  has  been  characterized  through 
the  simultaneous  use  of  several  different  diagnostics.  Impor¬ 
tantly  though,  none  of  the  reported  high-intensity  effects  is  ob¬ 
served  if  the  laser  beam  has  to  propagate  through  nonionized 
gas  before  focus.  This  is  because  of  ionization-induced  refrac¬ 
tion  that  prevents  the  laser  beam  from  focusing  as  tightly  as 
possible  in  vacuum.  Hence,  to  observe  high-intensity  effects,  it 
is  necessary  to  focus  the  laser  to  the  edge  of  a  gas  jet  with  a 
sharp  gas-vacuum  interface.  Even  in  this  case,  the  effect  of  ion¬ 
ization-induced  refraction  is  still  evident,  in  that  it  takes  laser 
powers  several  times  the  theoretical  value  to  observe  effects 
such  as  relativistic  self-focusing  (though  of  course  this  is  exac¬ 
erbated  by  the  far-from-ideal  beam  quality  that  such  high-power 
systems  possess). 

The  beam  focused  to  high  intensity  at  the  edge  of  the  jet  is 
found  to  be  susceptible  to  FRS.  The  growth  of  FRS  increases 
rapidly  with  density  but  only  weakly  with  intensity,  as  expected 
for  FRS  at  relativistic  intensities  (ao  ~  1).  At  sufficiently  high 
density,  this  can  lead  to  the  FRS  satellites  becoming  compa¬ 
rable  in  amplitude  to  the  fundamental  frequency.  This,  corre¬ 
lated  with  the  observation  of  a  high  flux  of  accelerated  electrons 
(>10ii  for  E*  >  2  MeV),  indicates  wavebreaking  of  the  FRS's 
daughter  relativistic  plasma  wave.  Some  electrons  are  found  to 
be  accelerated  well  above  the  dephasing  energy,  up  to  94  MeV, 
suggesting  that  the  accelerating  plasma  wave  has  been  modified 
by  beam-loading  effects. 

Images  of  the  self-scattered  light  of  the  propagating  beam  or¬ 
thogonal  to  the  beam  show  signs  of  channeling  away  from  focus. 
However,  these  are  only  apparently  over  any  extended  length 
for  powers  many  times  the  critical  power  for  relativistic  self-fo¬ 
cusing.  At  yet  higher  ratios  of  laser  power  to  critical  power,  the 
beam  breaks  into  more  than  just  one  filament.  Spectral  examina¬ 
tion  of  this  self-scattered  light  shows  that  it  is  mostly  from  cold 
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plasma  and,  hcncc,  is  indicative  only  of  the  interaction  of  light  at 
low  intensities  escaping  from  the  side  or  end  of  any  self-guided 
channels.  At  the  highest  densities  and  intensities,  stimulated 
Compton  scattering  is  also  ob.servcd  at  90®  to  the  laser  prop¬ 
agation,  but  only  close  to  the  vacuum-gas  interface.  Hence,  it  is 
difficult  to  fully  characterize  a  channeling  laser  beam  through 
only  self-scattered  images. 

High  intensities  within  the  guided  channel  can  be  directly 
ascertained  through  small-angle  Thomson  scattering  of  an  or¬ 
thogonal  probe  beam.  This  allows  us  to  measure  the  plasma 
wave  generated  in  the  filament  at  the  end  of  the  gas  jet  away 
from  focus.  On  some  shots,  it  is  found  to  be  as  great  as  at  the 
start  of  the  jet,  which  from  simple  wakeflcld  theory  suggest  in¬ 
tensities  of  the  order  of  10^^  Wcm“^.  That  these  channels  are 
formed  by  relativistic  self-focusing  is  supported  by  observing 
the  fundamental  of  the  self-scattered  light,  which  often  shows 
a  red-shifting,  consistent  with  the  increasing  refractive  index 
caused  by  an  intensity  increase.  Though  schlieren  images  show 
density  gradients  are  present  after  the  laser  beam  pas.ses,  it  is 
clear  that  the  channel  is  not  fully  cavitated;  otherwise,  it  would 
not  be  able  to  support  a  relativistic  plasma  wave.  Though  the 
length  and  direction  of  the  filaments  varies  greatly  shot  to  shot, 
the  accelerated  electron  signal  is  not  found  to  depend  greatly  on 
the  channel  length.  Hence,  the  filaments  contribute  little  to  the 
electron  acceleration  process. 
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Extending  Plasma  Accelerators;  Guiding  with 

Capillary  Tubes 

B.  Cros,  C.  Courtois,  G.  Malka,  G.  Matthieussent,  J.  R.  Marques,  F.  Dorchies,  F.  Amiranoff,  S.  Rebibo, 

G.  Hamoniaux,  N.  Blanchot,  and  J.  L.  Miquel 


Abstract— In  order  to  extend  plasma  accelerators,  the  laser 
beam  has  to  be  guided  inside  gas  or  plasma  over  a  distance  of 
the  order  of  the  dephasing  length,  which  is  typically  much  larger 
than  the  diffraction  length  zr  of  the  laser.  A  capillary  tube  can  be 
used  as  a  waveguide  for  high-intensity  laser  pulses  over  distances 
well  in  excess  of  Zr.  Experimental  demonstration  of  monomode 
guiding  over  100  zr  of  10^®  W/cm^  pulses  has  been  obtained  in 
evacuated  capillary  tubes  (45-70-/LAm  inner  diameter).  A  drop  of 
transmission  has  been  observed  when  the  intensity  of  the  amplified 
spontaneous  emission  (ASE)  is  high  enough  to  ionize  the  capillary 
tube  entrance.  Propagation  in  helium  gas-filled  (10-40  mbar) 
capillary  tubes  has  been  studied  at  intensities  up  to  10^®  W/cm^; 
a  plasma  column  with  on-axis  density  of  the  order  of  10^"^  cm“^ 
has  been  created  on  a  length  of  the  order  of  4  cm.  The  use  of  a 
capillary  tube  for  an  extended  accelerator  is  discussed  for  the  case 
of  linear,  resonant  excitation  of  plasma  waves  by  laser  wakefield. 

Index  Terms — Guiding,  plasma  accelerator. 


1.  Introduction 

SINCE  the  original  idea  [1]  of  using  a  plasma  as  a  medium 
able  to  sustain  high-amplitude  longitudinal  electric  fields, 
plasma  accelerators  have  been  extensively  studied.  The  three 
possible  schemes  (for  a  review,  see  [2])  to  excite  plasma  waves 
by  laser,  heatwave,  wakefield  [3],  [4],  and  self-modulated  wake- 
field,  have  been  demonstrated  experimentally  as  well  as  the  ac¬ 
celeration  of  injected  electrons  [5].  In  order  to  go  beyond  a  proof 
of  principle  experiment,  a  way  of  extending  the  length  of  the 
plasma  accelerator  has  to  be  achieved.  The  maximum  energy 
gain  of  electrons  injected  into  the  accelerating  structure  is  pro¬ 
portional  to  the  amplitude  of  the  electric  field  and  to  the  inter¬ 
action  length.  A  physical  limitation  for  the  interaction  length  is 
the  dephasing  length,  i.e.,  the  distance  over  which  the  electrons 
overtake  the  plasma  wave  and  stop  gaining  energy.  In  previous 
experiments,  the  plasma  length  was  limited  to  a  few  Rayleigh 
lengths,  which  is  the  diffraction  length  of  the  laser  beam  used  to 
excite  the  plasma  wave.  Extending  a  plasma  accelerator,  there¬ 
fore,  requires  a  guiding  mechanism  for  the  laser  beam  so  that 
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high-intensity  propagation  can  be  achieved  over  a  distance  much 
larger  than  the  Rayleigh  length. 

Various  mechanisms,  based  on  a  modification  of  the  trans¬ 
verse  profile  of  the  refractive  index  of  the  plasma,  have  been  pro¬ 
posed  to  guide  a  high-intensity  laser  pulse  inside  a  plasma.  For 
sufficiently  high  laser  power,  the  refractive  index  can  be  modi¬ 
fied  by  the  laser  pulse  and  lead  to  relativistic  or  ponderomotive 
self-channeling  [6].  Alternatively,  Durfee  etal  [7]  have  demon¬ 
strated  that  a  long  laser  pulse  can  create  a  plasma  channel  [8], 
[9]  in  which  a  short  laser  pulse  can  be  guided  over  more  than  70 
Zr.  The  guiding  of  an  intense  (10^®  W/cm^)  laser  pulse  has  also 
been  demonstrated  in  a  plasma  channel  created  by  a  slow  cap¬ 
illary  discharge  [10].  In  all  of  these  schemes,  the  guiding  con¬ 
ditions  impose  the  plasma  density  and  its  spatial  profile.  How¬ 
ever,  many  applications  need  plasma  parameters  very  different 
from  those  required  by  laser  guiding  and  would  benefit  from  a 
guiding  structure  existing  independently  of  the  plasma. 

The  use  of  hollow  capillary  tubes  as  a  guiding  structure  is  at¬ 
tractive  for  laser  interaction  over  long  distances  with  a  relatively 
low-density  plasma.  In  this  scheme,  the  laser  pulse  is  guided  by 
the  capillary  tube  inner  wall  and  the  plasma  can  be  provided 
by  the  ionization  of  a  gas  filling  the  capillary  tube.  Guiding  of 
high-intensity  laser  pulses  in  capillary  tubes  has  been  observed 
in  a  few  experiments  [1 1]-[13].  Jackel  et  al  [1 1]  have  observed 
multimode  guiding  of  a  picosecond  pulse,  characterized  by  a 
complex  transverse  intensity  profile  and  a  slow  group  velocity; 
in  the  same  experiment,  they  also  observed  inner  wall  break¬ 
down  at  high  intensity.  Monomode  guiding  [13]  is  more  ap¬ 
propriate  for  laser-plasma  accelerators  because  a  smooth  trans¬ 
verse  profile  and  a  high  group  velocity  can  be  achieved  with  this 
mode  of  propagation.  Furthermore,  the  damping  is  minimized, 
allowing  guiding  over  a  long  distance  of  high-intensity  pulses 
without  wall  breakdown. 

The  paper  is  organized  as  follows.  Section  II  summarizes 
the  properties  of  the  monomode  propagation  for  a  Gaussian 
beam  inside  a  capillary  tube,  and  experimental  results  in  evacu¬ 
ated  and  gas-filled  capillary  tubes  are  presented.  Some  exper¬ 
imental  limitations  of  the  coupling  of  intensities  higher  than 
W/cm^  to  capillary  tubes  are  described  in  Section  III.  Fi¬ 
nally,  the  parameters  of  an  extended  laser  accelerator  are  dis¬ 
cussed  in  Section  IV. 

11.  Characteristics  of  Monomode  Guiding 
A.  Analytical  Model 

In  vacuum,  a  capillary  tube  can  be  modeled  as  a  wave  guide 
of  cylindrical  symmetry  with  a  core  of  inner  radius  a  and  di- 
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electric  constant  e  =  I  and  a  wall  made  of  dielectric  material 
characterized  by  a  dielectric  constant  e,,;  >  1.  The  calculation 
of  the  fields  inside  this  type  of  waveguide  can  be  found  in  [14] 
and  is  summarized  here. 

The  propagation  of  the  laser  beam  inside  an  evacuated  cap¬ 
illary  tube  can  be  analyzed  by  assuming  that  the  electromag¬ 
netic  field  is  a  superposition  of  modes  with  a  dependance  along 
the  propagation  axis  as  exp{—ikzz).  Maxwell’s  equations  are 
solved,  taking  into  account  continuity  conditions  at  the  interface 
of  each  medium  and  assuming  the  fields  go  to  zero  at  infinity. 
Thus,  we  obtain  a  general  dispersion  relation  that  can  be  simpli¬ 
fied  and  solved  approximately  when  the  wavelength  of  the  inci¬ 
dent  beam  is  much  smaller  than  the  tube  radius  (Aq  <  a)  and 
when  the  perpendicular  wavenumber  inside  the  capillary  tube 
k±m  is  much  smaller  than  the  perpendicular  wavenumber  inside 
the  tube  wall  k±u>.  which  can  be  written  as  -  ^2 1)^^^  < 
{\kl  -  kQey,\y^^.  For  each  mode,  the  dispersion  relation  is 
solved  at  zero  order  in  k±m  \  the  first-order  solution  is  related 
to  a  first-order  perturbation  of  the  longitudinal  wavenumber  and 
allows  us  to  determine  the  amount  of  damping. 

Apart  from  the  transverse  electric  and  magnetic  modes,  hy¬ 
brid  modes,  with  all  electric  and  magnetic  components  different 
from  zero,  are  also  a  solution  of  the  problem.  The  coupling  of 
the  incident  beam  to  eigenmodes  inside  the  capillary  tube  can 
be  treated  mathematically  as  a  mapping  of  the  incident  electro¬ 
magnetic  field  on  an  orthogonal  system  of  modes.  In  the  case 
of  our  experiments,  the  incident  beam  is  linearly  polarized  and 
its  intensity  profile  along  the  radius  can  be  approximated  by  a 
Gaussian  function.  The  mapping  of  this  incident  beam  on  the 
system  of  modes  is  different  from  zero  for  hybrid  modes  of  the 
type  EHiyn,  which  electric  components  can  be  written,  in  cylin¬ 
drical  coordinates  {z^  r,  'tjj)  and  for  r  <  a,  as 

-  -EoJi{k±m.r)cos(p  (1) 

k 

Er  =  -Eo  Jo(^±mT)  sin  ip  (2) 

k 

E^,  =  ^0  cos  ip  (3) 

«±m 

with  ip  ~  cuof  ”  kzZ  -  “0,  cuo  is  the  pulsation  of  the  incident 
electromagnetic  wave  in  vacuum,  and  Jj,  is  the  Bessel  function 
of  integer  order  i/.  fcxm  is  the  transverse  wave  vector  associated 
to  the  mth  root,  Q;o,m»  of  the  equation  Jo{k±r7i.a)  =  0,  which 
value  increases  with  the  value  of  the  integer  index  m.  These 
expressions  of  the  fields  have  been  obtained  at  the  zero-order 
approximation.  Note  that  under  the  assumptions  koa  >  1  and 
k±m  <  ^0?  Er^E^,  >  Ez,  so  that  the  electromagnetic  field 
is  quasi-transverse  (the  same  type  of  relation  holds  between  the 
magnetic  components).  The  group  velocity,  Vgrn  —  - 

-  (Q;o,mAo)^/47r^a2]^/2,  remains  close  to 
the  free-space  velocity  of  light  in  vacuum  c  and  decreases  when 
m  is  increased;  the  relativistic  factor  associated  to  this  group 
velocity  is  'ygm.  =  27ra/ (AoQ^o,m)-  For  example,  for  typical  pa¬ 
rameters  such  as  Ao  =  0.8  fim  and  a  =  25  /um,  7^1  =  81  and 
7^2  =  35;  after  propagating  inside  a  capillary  tube  10  cm  long, 
these  two  modes  will  be  separated  by  a  time  delay  of  the  order  of 
100  fs,  which  is  of  the  order  of  magnitude  of  the  incident  pulse 
duration  in  the  experiment.  In  order  to  keep  the  pulse  duration 


short,  it  is  then  necessary  to  couple  the  incident  beam  to  only 
one  mode.  Then,  for  capillary  tubes  up  to  1  m  long,  the  group 
velocity  dispersion  related  to  the  incident  pulse  spectral  width 
(AA  —  10  nm)  produces  a  time  delay  smaller  than  1  fs  and  can 
be  neglected. 

The  beam  propagating  along  the  0^-axis  is  exponentially 
damped  with  a  characteristic  coefficient  (imaginary  part  of  the 
longitudinal  wavenumber)  given  by 


h  .  rv- 


0,m 


C  +  €y 


2kla^  y/e  - 


(4) 


Note  that  for  waveguides  such  that  e  >  as  is  the  case  usually 
for  solid  core  fibers,  no  damping  occurs.  The  beam  intensity 
is  divided  by  e  after  a  length  of  propagation  equal  to  Zdl2  = 
k~l  damping  coefficient  increases  with  mode  number  and 
is  strongly  dependent  on  the  capillary  tube  radius.  The  spatial 
contrast,  or  ratio  of  the  intensity  on  the  tube  wall  to  the  intensity 
on  axis,  can  be  expressed  as 


7(r  =  a) 
I{r  =  0) 


—  (<^0,77}  ) 


ao  ,17)  Ao  £  -j-  e  II! 

47ra  y/e  -  Sy, 


(5) 


For  the  above  parameters  and  glass  walls  —  2.25),  = 

11.5  cm  and  I{r  =  a)jl[r  =  0)  cr:  10“"^.  This  analysis  shows 
that  most  of  the  incident  beam  energy  will  propagate  over  the 
longest  possible  distance  inside  the  capillary  tube  when  the  en¬ 
ergy  of  the  incident  beam  is  transferred  to  the  fundamental  mode 
or  EHii-mode. 

This  coupling  occurs  at  the  entrance  plane  of  the  capillary 
tube,  where  the  incident  beam  is  focused.  Assuming  a  Gaussian 
incident  beam  with  an  electric  field  E{r)  oc  exp(-r^/u;^), 
the  best  entrance  coupling  into  the  EHn-mode  is  obtained  for 
^^;o/a  =  0.64  [15].  In  this  model,  98%  of  the  incident  energy 
is  then  transferred  to  the  fundamental  mode,  inducing  a  quasi¬ 
perfect  monomode  guiding  of  the  laser  beam. 


B.  Experimental  Results 

The  laser  beam  coupling  and  guided  propagation  have  been 
studied  experimentally  inside  glass  capillary  tubes. 

1)  Experimental  Arrangement:  Experiments  have  been  per¬ 
formed  at  the  Laboratoire  d’Optique  Appliquee  with  a  Ti  :Sa 
laser  system.  An  energy  up  to  30  mJ  is  delivered  with  a  10-Hz 
repetition  rate  and  a  pulse  duration  of  120-fs  full-width  at  half 
maximum  (FWHM);  the  light  is  linearly  polarized  and  the  cen¬ 
tral  wavelength  is  A  =  0.8  pm.  The  experimental  setup  is  shown 
in  Fig.  1.  The  beam  enters  a  vacuum  chamber  and  is  focused 
by  a  //8  plano-convexe  MgF2  lens  on  the  entrance  plane  of 
a  collinear  capillary  tube.  A  small  part  (less  than  1%)  of  the 
beam  is  sent  before  focusing  to  a  calibrated  photodiode  and  to  a 
second-order  single-shot  autocorrelator  for  incident  energy  and 
pulse  duration  measurement.  The  capillary  tube  is  mounted  on  a 
target  support  with  five  degrees  of  freedom  (the  x-y~z  trans¬ 
lations  and  the  Oj,  —  Oy  rotations).  A  //4  M^F2  lens  images  the 
output  plane  of  the  tube  on  the  slit  of  an  imaging  spectrometer. 
The  output  beam  is  split  into  three  parts:  96%  of  the  output  en¬ 
ergy  is  sent  to  a  calorimeter,  2%  is  sent  to  an  autocorrelator,  and 
the  remaining  2%  is  sent  to  a  spectrometer  coupled  to  a  16-bit 
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Fig.  1.  Experimental  setup. 

charge-coupled  device  (CCD)  camera.  The  specular  reflection 
of  the  spectrometer  grating  gives  the  image  of  the  laser  spot, 
whereas  the  first  order  gives  its  spectrum, 

2)  In  Vacuum:  Evidence  of  monomode  guiding  is  obtained 
by  measuring  the  spatial  repartition  of  the  transmitted  energy. 
The  coupling  of  the  incident  beam  to  a  capillary  tube  a  =  30  fj^m 
and  L  =  5.4  cm  has  been  studied  by  varying  the  beam  size 
before  focusing.  For  spot  size  radii  ?uo  of  the  incident  beam 
in  the  range  14 — 46  jim  {w^/a  ~  0.56-1.84),  only  the  mode 
EHii  has  been  observed  at  the  output  plane  of  the  capillary  tube; 
this  is  illustrated  in  Fig.  2.  The  dotted  line  is  the  position  of  the 
capillary  wall.  The  left-hand  side  panels  [Fig.  2(a)  and  (b)]  show 
the  beam  intensity  profile  (a)  at  the  entrance  of  the  capillary 
tube  (incident  focal  spot),  fitted  by  a  Gaussian  function  with 
^^;o  =  15  /xm,  and  (b)  at  the  output  plane  of  the  capillary  tube. 
The  right-hand  side  panels  [Fig.  2(c)  and  (d)]  correspond  to  a 
larger  spot  size  at  the  input  plane  (c),  but  the  output  intensity 
profile  (d)  is  similar  to  (b).  Note  that  the  contrast  at  the  output 
of  the  capillary  tube  is  independant  of  wq  and  is  better  than  10“^ 
for  r  >  a,  in  agreement  with  the  theoretical  value  of  10~'^.  The 
measurement  of  the  contrast  is  limited  experimentally  by  the 
light  scattered  through  the  capillary  tube  wall. 

The  transmission  in  energy  T  (ratio  of  output  energy  to  the 
total  incident  energy  in  the  focal  spot)  is  plotted  in  Fig.  3  as  a 
function  of  the  ratio  wo/a  for  three  values  of  the  tube  radius. 
The  transmission  is  maximum  when  wo/a  0.6,  as  expected 
for  the  coupling  of  the  incident  beam  into  the  mode  EHn.  For 
an  incident  Gaussian  beam  with  wofa  =  0.64,  the  analytical 
model  predicts  that  98%  of  the  incident  energy  is  coupled  to 
the  mode  EHn.  The  maximum  transmission  can  be  written  as 
T  =  C %yiY>{-2L j Zd\,  where  C  is  the  coupling  coefficient  at 
the  tube  input  plane.  The  continuous  curves  in  Fig.  3  are  the 
theoretical  curves  normalized  at  =  0.64  to  the  maximum 
transmission,  computed  for  a  value  of  C  determined  experimen¬ 
tally  as  the  percentage  of  the  total  energy  of  the  incident  focal 
spot  contained  in  a  disk  of  radius  equal  to  a;  here,  the  measured 
values  of  C  are  97%  for  a  =  35  /xm,  87%  for  a  =  22.5  fj,m, 
and  84%  for  a  =  25  /xm.  A  good  agreement  is  obtained  with 
experimental  points,  indicating  that  the  damping  length  is  close 
to  the  theoretical  value  of  the  fundamental  mode.  The  fraction 


Fig.  2.  Energy  spatial  repartition  along  the  radius  (a)  on  the  entrance  and  (b) 
output  plane  of  a  capillary  tube  a  =  30  /urn  and  L  =  5.4  cm.  Experimental 
measurement  (bold  line)  and  Gaussian  fit  (thin  line);  the  dotted  line  is  the 
interface  r  =  a. 


Fig.  3 .  Measured  and  theoretical  (lines)  transmission  as  a  function  of  rco  /  a  for 
tubes  with  a  =  35  ^tmand  L  =  8.3  cm  (squares  and  dotted  line),  a  =  22.5  ^m 
and  L  —  5.4  cm  (triangles  and  dashed  line),  and  n  =  25  /xm  and  L  =  8.3  cm 
(circles  and  plain  line).'  Theoretical  curves  are  obtained  with  C  =  0.97, 0.87, 
and  0.84,  respectively. 

of  the  incident  energy  coupled  to  higher  order  modes  has  a  con¬ 
tribution  to  the  transmission  smaller  than  the  experimental  error 
bars. 

The  damping  characteristic  length  has  been  obtained  experi¬ 
mentally  by  measuring  the  transmission  as  a  function  of  the  cap¬ 
illary  tube  length  for  a  given  incident  beam  and  capillary  tube 
radius.  The  capillary  tube  length  has  been  changed  by  cutting 
the  tube  from  the  output  end  so  that  the  entrance  plane  does  not 
change  with  capillary  tube  length.  The  energy  transmission  as  a 
function  of  the  capillary  tube  length  is  shown  in  Fig.  4  for  two 
values  of  tube  radius,  a  =  25  /xm  and  35  /xm.  The  experimental 
results  are  fitted  by  decreasing  exponential  functions;  their  ex¬ 
trapolation  at  L  =  0  gives  values  of  C  =  84%  (respectively, 
81%)  corresponding  to  the  measured  percentage  of  energy  in  a 
disk  of  radius  35  /xm  (25  /xm)  of  the  focal  spot  imaged  in  the 
absence  of  capillary  tube.  The  best  fits  give  damping  lengths 
=  36  ±  5  cm  (12  ±  1  cm),  close  to  the  theoretical  values  for 
the  fundamental  mode  in  each  case:  Zdi  =  31.5  cm  (1 1.5  cm). 
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Fig.  4.  Energy  transmission  measured  as  a  function  of  capillary  tube  length 
for  two  values  of  capillary  tube  radius:  a  =  35  //ni  (circles)  and  a  —  25  //m 
(squares).  The  curves  are  exponential  fits  of  the  type  T  —  C  ('Xi)(  — 21/.:,/). 

The  energy  transmission  factor  has  been  measured  for  dif¬ 
ferent  incident  energies.  It  remains  constant  within  15%  fluctu¬ 
ations  up  to  the  maximum  energy  available  in  this  experiment, 
corresponding  to  an  input  intensity  of  5  x  10^^  W/cm^.  For  a 
capillary  tube  10  cm  long  with  a  =  25  //,m,  the  transmission  is 
typically  of  20%,  so  that  an  intensity  larger  than  10^^'  W/cm^ 
has  been  guided  over  zr  {zu  ~  1  mm). 

In  vacuum,  no  modification  of  the  output  pulse  duration  and 
spectrum  caused  by  the  guided  propagation  has  been  measured 
experimentally.  This  is  in  agreement  with  the  theoretical  model, 
which  predicts  time  delays  (compared  with  free-space  propaga¬ 
tion)  of  the  order  of  1  fs,  smaller  than  shot-to-shot  pulse  duration 
fluctuations. 

3)  In  Gas:  In  this  section,  we  present  results  relative  to  the 
propagation  of  the  laser  beam  in  a  capillary  tube  filled  with  gas 
or  plasma.  The  setup  is  the  same  as  previously,  and  the  inter¬ 
action  chamber  is  filled  with  helium  gas  at  a  pressure  up  to 
40  mbar.  The  output  of  the  capillary  tube  is  imaged  at  90°  of 
the  laser  axis  on  a  spectrometer:  the  observation  of  the  recom¬ 
bination  spectral  line  (586.7  nm)  of  helium  is  the  signature  of 
plasma  at  the  exit  of  the  tube  [13].  For  an  incident  energy  higher 
than  20  mJ  and  gas  pressure  lower  than  20  mbar,  this  spectral 
line  is  always  observed  at  the  output  of  capillary  tubes  with 
a  =  25  //,m  and  L  —  1.2  to  4  cm,  showing  that  ionization  occurs 
over  a  length  much  longer  than  the  diffraction  length  and  that  the 
output  intensity  is  larger  than  I0^°  W/cin^  (ionization  threshold 
[16]  of  helium).  This  is  also  confirmed  by  the  measurements  of 
energy,  pulse  duration,  and  waist  of  the  output  beam. 

The  spectrum  of  the  transmitted  light  through  a  capillary  lube 
4  cm  long  is  compared  with  a  spectrum  obtained  without  cap¬ 
illary  tube  in  Fig.  5,  for  a  helium  gas  pressure  of  10  mbar.  The 
corresponding  spectra  in  vacuum  are  also  plotted  (thin  line)  as 
reference  spectra.  Whereas  the  10-mbar  spectrum  of  unguided 
light  remains  similar  to  the  vacuum  spectrum,  the  spectrum  at 
the  output  of  the  capillary  tube  for  a  pressure  of  1 0  mbar  exhibits 
a  blue  shift  and  a  broadening.  The  spectral  blue  shift  is  induced 
by  the  rapid  ionization  of  gas  in  the  front  of  the  laser  pulse.  As 
each  temporal  slice  of  the  laser  pulse  sees  a  different  electron 
density  variation,  the  spectral  blue  shift  of  each  slice  results  in  a 
spectral  broadening  of  the  transmitted  spectrum.  These  effects 
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Fig.  5.  Spectra  of  the  light  transinitlcd  through  a  capillary  tube  with  a  = 
25  fim  and  length  L  =  4  cm.  The  spectra  arc  normalized  to  the  same  integral. 

are  important  only  when  the  pulse  is  guided  and  confirm  that 
ionization  occurs  over  a  length  much  larger  than  2zr, 

We  observed  that  the  transmission  decreases  when  the  laser 
ionizes  the  gas.  For  example,  for  a  tube  with  L  =  1.2  cm,  the 
transmission  decreases  from  50%  ±  57c  under  vacuum  to  30% 
±  57c  in  20  mbar  of  helium,  and  to  only  10%  ib  5%  in  40  mbar. 
In  addition,  when  the  tube  length  is  increased  to  4  cm,  the  trans¬ 
mission  under  vacuum  is  divided  by  2.5  (20%  di  5%),  whereas 
it  is  divided  by  6  (5%  ±  2%)  at  20  mbar,  indicating  that  not 
only  the  coupling  factor,  but  also  the  damping  length  in  the  tube 
is  affected  by  ionization.  The  laser  energy  loss  caused  by  the 
ionization  of  gas  over  the  length  of  the  capillary  tube  can  be 
neglected:  the  total  ionization  of  helium  gas  contained  in  a  cap¬ 
illary  tube  of  25  //m  inner  radius  uses  6.6  //J  cm“^  -mbar"^ ,  or 
0.5  inJ  for  L  =  4  cm  and  a  pressure  of  20  mbar. 

The  input  and  output  pulse  duration  were  also  measured  for 
different  gas  pressures  and  capillary  tube  lengths.  For  example, 
with  a  4-cm  long  capillary  tube,  the  pulse  duration  under 
vacuum  (160  ±  40  fs)  decreases  to  65  it  15  fs  for  a  pressure  of 
20  mbar.  Pulse  shortening  occurs  because  of  refraction,  which 
prevents  the  rear  of  the  pulse  to  enter  the  capillary  tube  and 
propagate  to  the  end  of  the  capillary  tube. 

III.  High-Intensity  Guiding  Limitation 

Monomode  guiding  of  ultrashort  laser  pulses  of  intensities 
from  10^'^  to  3  x  10^^  W/cm^  has  been  studied  in  glass  capil¬ 
lary  tubes  in  vacuum.  The  experiment  was  performed  with  the 
100-TW  P102  laser  system  at  CEA  Limcil  Valeiiton  1 17|,  |21], 
which  delivers  pulses  of  20  J  in  500  fs  (FWHM)  at  a  wave¬ 
length  of  1.06  //m.  The  laser  pulse  is  focused  at  the  center  of 
a  vacuum  chamber  by  an  //3  on-axis  parabola.  The  focal  spot 
has  a  waist  ?//()  =  10  //,m  (five  times  diffraction  limit),  so  that 
the  maximum  intensity  at  the  entrance  of  the  capillary  tube  is 
10^'^  W/enV^.  Three  micrometric  translations  and  two  rotations 
allow  the  alignment  of  the  capillary  tube  on  the  propagation  axis 
of  the  laser.  After  focus.  0.8%»  of  the  transmitted  light  is  reflected 
by  a  glass  plate  to  a  //3  doublet  that  images  (with  a  magnifi¬ 
cation  of  30)  the  output  plane  of  the  capillary  tube  on  a  12-bit 
CCD  camera.  The  focal  spot  in  the  absence  of  a  capillary  tube 
is  imaged  by  moving  the  doublet  backward  on  the  axis,  of  a  dis¬ 
tance  equal  to  the  capillary  tube  length.  A  fast  diode  has  been 
used  on  some  shots  to  measure  the  temporal  contrast  caused  by 
amplified  spontaneous  emission  (ASE),  which  is  of  the  order  of 
10^  in  intensity  at  2  ns  before  the  maximum  intensity.  For  this 
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Fig.  6.  Energy  transmitted  through  a  capillary  tube  with  a  =  15  /xm  and 
length  L  1  cm  as  a  function  of  the  maximum  incident  intensity;  measured 
transmission  (squares)  and  theory  (triangles). 

experiment,  15-/xm  inner  radius  capillary  tubes  are  used  to  op¬ 
timize  coupling  to  the  fundamental  mode  {wo/a  ^  0.67).  The 
damping  length  of  the  EHn-mode  is  then  Zd  ~  14.3  mm,  and 
capillary  tubes  in  the  range  8  to  12  mm  have  been  used. 

Fig.  6  shows  the  transmission  as  a  function  of  the  maximum 
intensity  at  the  entrance  of  the  capillary  tube.  Squares  are  exper¬ 
imental  values  of  the  transmission  obtained  by  analyzing  12-bit 
CCD  camera  images  on  two  shots,  without  and  with  capillary 
tube.  The  transmission  is  computed  as  the  ratio  of  energy  in  a 
disk  of  radius  15  /xm  at  the  output  of  the  capillary  tube  to  the 
incident  energy.  Triangles  are  the  theoretical  values  of  transmis¬ 
sion  given  by  T  =  C exp{-2L/zd),  where  C  is  the  coupling 
constant,  defined  as  the  percentage  of  energy  of  the  incident 
beam  coupled  to  the  fundamental  mode  at  the  entrance  plane 
(jL  —  0)  of  the  capillary  tube;  for  theoretical  values,  C  =  1; 
i.e.,  100%  of  the  incident  beam  energy  is  coupled  to  the  funda¬ 
mental  mode.  The  dispersion  of  transmission  for  the  theoretical 
points  results  from  the  use  of  different  capillary  tube  lengths. 
The  transmission  curve  presents  two  tendencies.  An  approxi¬ 
mately  constant  transmission  of  6%  followed  by  a  transmission 
drop  for  intensities  larger  than  a  threshold  value  of  around  10^^ 
W/cm^ .  In  the  range  of  constant  transmission,  the  difference  be¬ 
tween  theory  and  experiment  comes  mainly  from  a  low  coupling 
on  the  fundamental  mode.  For  I  >  10^^  W/cm^,  the  transmis¬ 
sion  drops  to  10“^,  well  below  the  predicted  theoretical  value. 

The  spatial  contrast  was  measured  on  12-bit  CCD  camera 
images.  Fig.  7  shows  for  a  maximum  intensity  of  the  order  of 
IQi^  W/cm^,  the  intensity  distribution  in  the  entrance  plane  of 
the  capillary  tube  (dashed  line,  focal  spot  of  the  incident  beam) 
and  in  the  output  plane  (plain  line)  of  the  capillary  tube.  Fig.  7 
corresponds  to  a  transmission  of  the  order  of  6%.  The  incident 
focal  spot  exhibits  pedestals,  leading  to  an  intensity  on  the  cap¬ 
illary  tube  front  wall  (r  >  15  /xm)  of  the  order  of  25%  of  the 
maximum  intensity.  At  the  exit  of  the  capillary  tube,  the  mea¬ 
sured  contrast  is  of  the  order  of  400  (resolution  limited  by  noise 
level),  so  that  the  capillary  tube  acts  as  an  efficient  spatial  filter. 
For  higher  incident  intensity,  the  focal  spot  pattern  is  similar  to 
Fig.  7. 

The  transmission  drop  occuring  at  intensities  above  10^^ 
W/cm^  can  be  explained  by  the  ionization  of  the  entrance  wall 
of  the  capillary  tube.  Before  going  into  details,  note  that  for  a 
normal  incident  laser  pulse,  the  ionization  intensity  threshold 


Fig.  7.  Energy  repartition  at  the  input  (dashed  line)  and  output  (plain  line) 
planes  of  the  capillary  tube  (a  =  15  /xm,  L  =  1  cm). 


of  fused  silica  is  of  the  order  of  10^^  W/cm^  for  500-fs  pulses, 
and  of  the  order  of  10^^  W/cm^  for  nanosecond  pulses  [18], 
[19]. 

In  our  conditions  (focal  spot  with  25%  contrast  at  r  =  a),  ion¬ 
izing  the  front  wall  of  the  capillary  tube  with  the  500-fs  pulse 
only  requires  an  on-axis  intensity  of  around  10  W/cm^.  How¬ 
ever,  the  plasma  expands  at  a  speed  of  the  order  of  10^  cm/s, 
leading  to  a  50-nm  expansion  in  500  fs,  so  that  the  large  trans¬ 
mission  drop  cannot  be  explained  by  the  ionization  produced  by 
the  short  pulse. 

A  transmission  drop  can  occur  if  the  plasma  expands  and 
fills  the  capillary  tube  before  the  short  pulse  arrival.  As  indi¬ 
cated  previously,  the  temporal  contrast  between  the  short  com¬ 
ponent  of  the  laser  pulse  and  the  nanosecond  part  (ASE)  is  of 
10^  at  2  ns  before  the  laser  maximum.  The  nanosecond  compo¬ 
nent  will  create  a  plasma  on  the  front  wall  of  the  capillary  tube 
(r  >  15  jj^m)  when  the  intensity  on  the  wall  becomes  larger 
than  10^^  W/cm^.  Such  an  intensity  is  reached  2  ns  before  the 
pulse  maximum  as  soon  as  the  maximum  intensity  reaches  1  to 
2  X  10^^  W/cm^  (gray  area  in  Fig.  6),  which  is  where  the  trans¬ 
mission  drop  occurs.  When  the  short  component  of  the  pulse 
arrives  at  the  capillary  tube  entrance,  the  plasma  has  already  ex¬ 
panded  to  a  size  larger  than  100  /xm,  blocking  the  capillary  tube 
entrance. 


IV.  Prospect  for  an  Extended  Laser  Accelerator 

Using  the  expression  of  (l)-(3)  for  the  electric  field  spatial 
repartition  as  a  source  term,  the  excitation  of  the  plasma  wave 
in  the  wake  of  the  laser  beam  can  be  computed  analytically  in 
the  linear  regime.  Inside  a  capillary  tube,  the  longitudinal  Epz 
and  transverse  Epr  electric  field  components  of  the  plasma  wave 
can  be  expressed  as 

Epz  Ci:  kp4>poJoik±r)  cos{L0pt  -  kpz)e~'^’‘‘'^  (6) 

Epr  ~  k±(f>poJo{k±r)Ji{k±_r)  sm{iu}pt  -  kpz)e~^'"‘^'‘  (7) 


with 


4>p0  =  0.2 


Er. 


So  mc^  a^Xp 


/{16  In  2) 


where  En  is  the  laser  energy  in  the  entrance  plane  of  the  capil¬ 
lary  tube  and  kp  is  the  wavenumber  of  the  plasma  wave.  It  has 
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Fig.  8.  Transverse  profiles  of  the  longitudinal  (plain  line)  and  radial  (dashed 
line)  electric  fields  of  the  plasma  wave  inside  a  capillary  tube  with  (a)  a  = 
0.125A,,  and  (b)  a  =  ().5A,.. 

been  assumed  that  98%  of  the  incident  Gaussian  beam  is  cou¬ 
pled  to  the  capillary  tube  and  that  the  focal  spot  size  is  such  that 
ioq  =  0.64a.  Equations  (6)  and  (7)  are  approximate  expressions 
in  which  small  terms  of  order  and  /k^  have  been  ne¬ 

glected.  The  transverse  characteristics  of  the  electric  fields  of 
the  plasma  wave  inside  the  capillary  tube  are  similar  to  those 
obtained  in  a  two-dimensional  model  [20]  for  unguided  laser 
pulses.  The  transverse  profiles  of  these  fields  are  plotted  in  Fig.  8 
for  two  values  of  the  tube  radius  a.  In  each  case,  the  relationship 
Wo  =  0.64a  is  imposed,  and  the  plasma  density  and  the  inci¬ 
dent  beam  energy  are  the  same,  so  that  only  the  tube  radius  is 
varied.  In  Fig.  8(a),  the  tube  radius  is  small  compared  with  the 
plasma  wavelength  (a  =  0.125Ap)  and  the  radial  component  of 
the  electric  field  becomes  larger  than  the  longitudinal  compo¬ 
nent  for  k±r  ~  1.  For  the  case  a  >  O.bXp  [Fig.  8(b)],  the  radial 
field  remains  smaller  than  the  longitudinal  field  over  the  whole 
capillary  tube  radius. 

In  the  case  of  a  linear,  resonant  wakefield,  a  set  of  parameters 
for  an  extended  accelerator  is  now  discussed.  A  low  value  of 
the  plasma  density  is  suitable  to  allow  propagation  of  the  laser 
beam  with  a  damping  length  similar  to  the  one  in  vacuum  inside 
the  capillary  tube.  Typically,  an  electron  density  =  3.4  x 
10^^cm“^  corresponds  to  a  plasma  wavelength  =  56  /im, 
and  for  a  resonant  wakefield  {2'kct/Xp  =  4\/lii2),  r  ==  100  fs, 
where  r  is  the  pulse  duration  (FWHM  in  intensity).  The  plasma 
wave  remains  in  the  linear  regime  as  long  as  the  longitudinal 
electron  density  perturbation  ~  -~eoe~'^kpEp::/7i)  re¬ 

mains  of  the  order  of  1 ;  this  value  corresponds  to  a  limit  for  the 
longitudinal  electric  field  of  the  order  of  56  GV/m  (maximum 
value  on  axis).  The  transverse  component  of  the  density  per¬ 
turbation,  6n±_/6n;.  ~  0.3A^ya^,  will  remain  smaller  than  the 
longitudinal  component  for  large  enough  focal  spots,  giving  the 
condition  on  the  tube  radius  a  >  0.55A^,. 

Assuming  a  maximum  distance  of  acceleration  Lacr, 
for  injected  electrons  equal  to  half  the  dephasing  length 
Lixcc  —  0.5A^^Aq  with  the  above  parameters  L^rr  =  8.8  cm. 
Choosing  a  capillary  tube  length  L,  i.e.,  a  plasma  length,  equal 
to  Larr,  the  maximum  energy  gain,  AWmax  =  is 

equal  to  4.9  GeV.  The  capillary  tube  length  should  be  smaller 
than  the  characteristic  damping  length  Zfj,  given  by  (4);  the 
condition  Zd  >  L,,rc.  is  equivalent  to  a  >  0.4A^,  for  glass 
capillary  tubes.  The  choice  of  the  value  of  the  tube  radius  now 
determines  completely  the  maximum  intensity  or  laser  energy 


needed  to  excite  the  maximum  electric  field.  Typically,  a  —  A^; 
corresponds  to  a  laser  energy  of  4.8  J  (/  =  2.5  x  10^®  W/cm^). 

V.  Conclusion 

We  have  demonstrated  experimentally  that  a  capillary  tube 
used  as  a  waveguide  in  vacuum  allows  us  to  propagate  high- 
intensity  pulses  (10^^  W/cm^)  over  distances  of  the  order  of 
10  cm,  much  larger  than  the  diffraction  length.  When  the  capil¬ 
lary  tube  is  filled  with  gas,  plasma  columns  up  to  4  cm  long  with 
an  electron  density  on  axis  of  the  order  of  10^^  cm“^  have  been 
achieved.  For  incident  intensities  higher  than  10^^  W/cm^,  the 
coupling  of  the  laser  beam  to  a  capillary  tube  can  be  prevented 
by  plasma  creation  on  the  front  plane  of  the  capillary  tube.  The 
value  of  the  intensity  threshold  is  related  to  the  level  of  ASF  be¬ 
fore  the  main  pulse  and  to  the  spatial  quality  of  the  focal  spot. 
The  coupling  could  then  be  improved  by  increasing  the  incident 
beam  quality  (temporal  and  spatial  contrast  improved  by  fre¬ 
quency  doubling  the  incident  beam)  or  by  using  a  tapered  cou¬ 
pler.  The  above  estimations  show  that  a  few  gigaelectronvolts 
energy  gain  over  a  few  centimeters  long  plasma  is  expected  in 
the  resonant,  linear  wakefield  scheme  inside  a  capillary  tube; 
such  an  experiment  should  be  feasible  in  the  near  future. 
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Interaction  of  Ultraintense  Laser  Pulses  with  an 
Underdense,  Preformed  Plasma  Channel 

V.  Malka,  J.  Faure,  J.  R.  Marques,  F.  Amiranoff,  C.  Courtois,  Z.  Najmudin,  K.  Krushelnick,  M.  R.  Salvati,  and 

A.  E.  Danger 


Abstract — We  report  on  experimental  results  regarding  the 
propagation  of  ultraintense  laser  pulses  in  a  preformed  plasma 
channel.  In  this  experiment,  the  long  (4-mm)  fully  ionized  plasma 
channel  created  by  the  amplified  spontaneous  emission  (ASE)  was 
measured  by  interferometry  before  and  after  the  propagation  of 
the  short  laser  pulse.  Forward  spectra  show  a  cascade  of  Raman 
satellites,  which  merge  with  one  another  when  the  laser  power  was 
increased  up  to  critical  power  for  relativistic  self-focusing  The 
number  of  filaments  measured  by  interferometry  increases  when 
the  laser  power  increases.  High  conversion  efficiency  («10%)  of 
second  harmonic  generation  was  observed  in  the  interaction. 

Index  Terms — Laser  particale  acceleration  and  plasma  guiding, 
laser  plasma  interaction,  relativistic  self-focusing. 


I.  Introduction 

The  propagation  over  a  long  distance  of  high-intensity  laser 
beams  in  a  plasma  is  crucial  for  laser  plasma  accelera¬ 
tion  schemes  [l]-[3].  X-ray  laser  [4],  high  harmonics  genera¬ 
tion  [5],  and  in  inertial  confinement  fusion  (ICF)  with  the  fast 
ignitor  scheme  [6].  All  of  these  schemes  depend  on  the  inter¬ 
action  length,  which  is  typically  limited  by  laser  diffraction, 
to  a  few  times  the  Rayleigh  length.  Various  mechanisms  can 
help  to  overcome  this  limitation.  Relativistic  and  ponderomo- 
tive  self-channeling  are  the  natural  way  to  do  this,  but  they  are 
not  easy  to  obtain.  Self-guiding  in  a  preformed  channel  seems 
to  be  the  most  promising  method  to  achieve  propagation  lengths 
of  the  order  of  several  times  the  Rayleigh  length.  Recent  exper¬ 
iments  have  proven  the  feasibility  of  this  idea  [7]-[l  1].  Intense 
electromagnetic  waves  propagating  in  an  underdense  uniform 
plasma  can  also  excite  intense  relativistic  plasma  waves  via  the 
self-resonant  wakefield  instability  (SRWI)  [12]-[14]  suitable 
for  particle  acceleration  [15]-[19].  The  maximum  energy  that 
an  electron  can  get  from  the  relativistic  plasma  waves  (RPW) 
is  proportional  to  the  product  of  the  RPW  amplitude  and  the 
dephasing  length  (the  length  over  which  electrons  stay  in  an 
accelerating  arch  of  the  relativistic  plasma  waves).  In  order  to 
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Forward  spectrum 
Focal  spot  diagnostics 

Probe  beam  (few  ps,  0.53pm) 

Fig.  1.  Experimental  setup. 


0  20  40  60  80  100 
Radius  (pm) 

Fig.  2.  (a)  Focal  spot  image,  (b)  Fraction  of  energy  contained  inside  a  circle 

of  radius  r. 

obtain  the  maximum  energy  from  the  waves,  the  electron  must 
travel  in  a  long  and  intense  RPW.  To  achieve  this  with  laser 
schemes,  the  laser  pulse  needs  to  be  guided  at  high  intensity. 
The  interaction  of  an  intense  laser  pulse  with  an  underdense 
plasma  is  also  of  interest  in  the  “fast  ignitor”  fusion  concept.  In 
this  scheme,  it  is  required  to  deliver  a  short,  intense  laser  pulse 
to  the  (imploded)  dense  laser-fusion  capsule.  The  intense  pulse 
must  propagate  through  a  very  long  (a  few  millimeters)  region 
of  underdense  plasma,  and  this  propagation  may  be  hampered 
by  forward  Raman  scattering  (FRS).  Review  papers  on  plasma 
guiding  and  plasma  based  accelerators  can  be  found  in  [3]  and 
[20], 

In  this  paper,  we  present  some  recent  experimental  results 
on  the  propagation  and  the  interaction  of  a  short  and  intense 
laser  pulse  in  a  well-defined  preformed  plasma  channel.  Prop¬ 
agation  was  studied  from  interferograms,  whereas  interaction 
was  studied  from  the  FRS  spectra.  We  also  show  that  the  second 
harmonic  light  is  generated  in  the  plasma  channel  and  scattered 
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Fig.  3.  Images  of  forward  transmitted  spectra  obtained  with  a  backing  pressure  of  60  bars,  for  a  given  energy  of  10  J  and  for  370  fs  (a),  3  ps  (b),  and  7  ps  (c). 


off  the  RPW,  as  evidenced  by  the  observation  of  Stokes  and 
anti-Stokes  satellites  in  the  forward  Raman  spectra. 

11.  Experimental  Results 

The  experiment  described  here  was  performed  at  LULI  with 
the  TW  laser  operating  at  1 .057  /xm  in  the  chirped-pulse  ampli¬ 
fication  (CPA)  mode.  In  this  configuration,  the  laser  provided  up 
to  10  J  (on  target)  in  370-fs  pulses.  The  laser  beam  was  focused 
onto  the  edge  of  a  gas  jet  with  a  f/22  off-axis  parabola  after 
propagation  in  vacuum.  The  experimental  setup  is  presented  in 
Fig.  1.  The  focal  spot  was  imaged  with  12  x  magnification  on  to 
an  8-bit  charge-coupled  device  (CCD)  camera  with  5-/xm  spa¬ 
tial  resolution.  The  laser  distribution  at  full  energy  (10  J)  at  the 
focal  plane  is  a  Gaussian  function  with  a  waist  (FWHM)  of 
20  ^m.  In  Fig.  2,  we  present  the  focal  spot  image  [Fig.  2(a)]  and 
the  fraction  of  energy  contained  inside  a  circle  with  of  radius  r 
[Fig.  2(b)].  This  corresponds  to  typical  powers  of  20  TW  and  to 
on-target  intensities  lo  of  the  order  of  2  x  10^^  W/cm^ .  The  mea¬ 
sured  Rayleigh  length  was  2  mm.  To  avoid  refraction  induced  by 
ionization  processes  [21],  [22],  the  laser  beam  was  focused  onto 
the  sharp  edge  of  a  4-mm  diameter  laminar  plume  of  helium  gas 
from  a  pulsed,  supersonic  gas  jet  located  2  mm  below  the  focal 
region.  The  nanosecond  prepulse,  generated  by  using  amplified 
spontaneous  emission  (ASE),  with  an  estimated  intensity  of  few 
10^^  W/cm^  is  intense  enough  to  fully  collisionally  ionize  he¬ 
lium  and  to  create  a  channel  over  the  whole  length  of  the  helium 
gas  jet  (4  mm).  The  electron  density  in  the  gas  jet  was  controlled 
by  changing  the  backing  pressure  of  the  jet.  The  neutral  density 


A,(nm) 

Fig.  4.  On-axis  corrected  intensity  profiles  of  spectra  presented  in  Fig.  3. 

profile  was  characterized  before  the  experiment  [23].  The  inter¬ 
action  density  was  measured  through  the  frequency  shift  (nujp) 
of  the  anti-Stokes  sidebands  created  by  FRS,  whereas  the  elec¬ 
tron  density  profile  is  deduced  from  interfograms  obtained  from 
a  green  (0.53-/xm)  probe  beam  propagating  at  90°  to  the  laser 
axis,  with  a  few  picoseconds  pulse  duration. 

The  spectrum  of  the  light  transmitted  in  the  forward  direc¬ 
tion  was  measured  in  the  full  // 5  cone  angle  and  imaged  at  the 
entrance  of  an  imaging  spectrometer  (100  lines/mm).  This  light 
was  reflected  by  a  silicate  plate  with  a  surface  flatness  of  A/10. 
The  spectrum  was  detected  with  a  16-bit  silicon  CCD  camera.  A 
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Laser  Channel  length  =  gas  jet  length  ~  4  mni 


Fig.  5.  Interferograms  recorded  2  ps  before  [Fig.  4(a)l  and  1 3  ps  after  [Fig.  4(b)]  the  main  beam.  The  parameters  are  the  same  as  those  of  Fig.  2(a). 


bright  blackbody  source  placed  at  the  focal  position  of  the  pump 
laser  was  used  to  measure  the  overall  transmission  function  of 
the  optics  and  the  spectral  response  of  the  CCD  camera.  This 
was  used  to  correct  the  measured  spectrum.  Fig.  3  shows  typ¬ 
ical  recorded  forward  spectra  obtained  with  a  backing  pressure 
of  60  bars,  for  a  given  energy  of  10  J  and  for  370  fs  [Fig.  3(a)], 
3  ps  [Fig.  3(b)],  and  7  ps  [Fig.  3(c)].  The  on-axis  electron  den¬ 
sity  deduced  from  frequency  shift  nujp  of  the  anti -Stokes  side¬ 
bands  of  the  pump  laser  is  1.1  x  10 cm“^  and  corresponds 
to  a  critical  power  for  relativistic  self-focusing  (as  defined  for 
an  uniform  plasma)  of  Pc  =  1.7  TW.  The  Stokes  satellites  are 
not  visible  on  these  spectra  because  of  the  poor  efficiency  of  the 
silicon  CCD  above  1.1  /im.  The  ratio  between  the  laser  power 
Pl  and  the  critical  power  are  then  17  [Fig.  3(a)],  2  [Fig.  3(b)], 
and  0.8  [Fig.  3(c)].  In  the  second  harmonic,  both  Stokes  and 
anti-Stokes  satellites  are  visible.  The  electron  density  deduced 
from  the  position  of  the  peaks  of  the  satellites  at  2(jO^  ±  ujp  is 
in  agreement  with  those  deduced  at  cjq  +  nujp.  We  observe  that 
when  Pl/Pc  was  increased,  the  satellites  become  broader  and 
then  merge  with  one  another.  In  Fig.  4,  we  present  the  on-axis 
intensity  profiles  of  these  spectra  after  the  overall  spectral  re¬ 
sponse  was  taken  into  account. 

To  obtain  interferograms,  the  probe  beam  was  sent  into  a  Wol¬ 
laston  interferometer  and  recorded  with  a  8-bit  CCD  camera. 
Interferograms  presented  in  this  paper  correspond  to  time-inte¬ 
grated  images  of  the  plasma,  recorded  2  ps  before  [Fig.  5(a)] 
and  13  ps  after  [Fig.  5(b)]  the  interaction  beam.  The  plasma  ex¬ 
pansion  is  sufficiently  slow  to  obtain,  in  most  cases,  well-de¬ 
fined  fringes  in  spite  of  the  duration  of  the  probe  pulse.  The 
interferogram  in  Fig.  5  is  obtained  with  the  same  parameters  as 
those  of  Fig.  3(a).  Each  picture  contains  two  identical  images. 
In  the  first  case,  when  the  probe  beam  arrives  before  the  TW 
laser  pulse,  we  obtain  an  interferogram  of  the  plasma  created 
by  the  ASE.  In  this  picture,  the  laser  propagates  from  the  right 
to  the  left.  In  the  picture,  we  see  the  sharp  shift  in  the  fringes, 
which  indicates  a  plasma-vacuum  boundary.  The  radial  plasma 
size  is  about  300  //m  in  diameter,  and  the  plasma  covers  the 
whole  length  (4  mm)  of  the  gas  jet.  The  plasma  length  is  lim¬ 
ited  by  the  dimension  of  the  gas  jet.  The  plasma  expands  radi- 


Radius  (fim) 

Fig.  6.  Radial  electron  density  deduced  from  the  interferogram  of  Fig.  5(a). 

ally  over  a  distance  of  about  100-/Am  radius  and  is  homogenous 
over  the  whole  gas  Jet  length.  Fringes  are  clearly  visible,  and  it 
is  reasonable  to  suppose  that  the  plasma  is  axisymmetric.  We 
can  then  use  Abel  inversion  to  retrieve  the  radial  density  pro¬ 
file  as  presented  in  Fig.  6.  The  electron  density  increases  from 
1  X  10^^  cm“^  on  axis  to  4  x  10^^  cm"^  at  a  radius  of  100  //m. 
The  on-axis  electron  density  deduced  from  this  interferogram  is 
in  good  agreement  with  those  deduced  from  the  forward  spectra. 
In  the  second  case  [Fig.  5(b)],  we  also  observe  [11],  [24]  at  the 
beginning  of  the  interaction  zone,  short  filaments  outside  of  the 
laser  propagation  axis  that  propagate  over  a  distance  of  ^1  mm. 
A  main  filament  stays  on  the  laser  propagation  axis  over  3  mm. 
In  this  case,  we  cannot  deduce  the  electron  density  profile  using 
Abel  inversion  because  the  axisymmetric  assumption  is  not  jus¬ 
tified.  In  the  lower  power  case,  only  one  long  filament  was  ob¬ 
served. 

In  Fig.  7,  we  present  an  image  obtained  at  2a;o,  at  90°,  to  the 
laser  propagation  axis  in  that  we  see  a  long  green  filament  that 
propagates  over  3  mm.  We  point  out  here  the  fact  that  the  TW 
laser  beam  is  perfectly  aligned  along  the  channel  center,  because 
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Fig.  7.  Second  harmonic  side  images  [same  parameters  as  Fig.  2(a)]. 

the  creation  beam  (ASE  beam)  is  perfectly  aligned  with  the  TW 
laser  beam. 

III.  Discussion 

In  the  experiments  described  in  this  paper,  the  RPW  is  excited 
by  an  intense  pulse  via  the  self-modulated  wakefield  SMW  in¬ 
stability.  In  this  regime,  the  strong  electromagnetic  pump  wave 
ko)  decays  into  a  plasma  wave  kp)  and  two  forward- 
propagating  electromagnetic  cascades  at  the  Stokes  {ujo  —  noop) 
and  anti-Stokes  {ujo  +  riu)p)  frequencies  [12]“[14],  [25],  [26]. 
Here,  ujp  =  (47rnee^/m)^/^  is  the  plasma  frequency  and  n  is  a 
positive  integer.  The  signature  of  such  a  process  is  then  visible  in 
the  presence  of  Stokes  and  anti-Stokes  satellites  in  the  spectrum 
of  the  transmitted  light.  We  can  estimate  of  the  RPW  amplitude, 
if  we  assume  that  the  ratio  of  the  harmonic  Raman  satellites  is 
proportional  to  the  harmonic  content  of  the  scattering  plasma 
wave.  The  harmonic  amplitude  of  the  scattering  as  a  func¬ 
tion  of  the  plasma  wave  amplitude  dn/no,  is  given  by  [27] 

(Mm/Mo)  =  •  m!)  ■  (Sn/nor 

where  m  is  the  number  of  the  harmonic.  Hence,  the  ratio  be¬ 
tween  second  and  first  harmonics  is  simply  equal  to  the  plasma 
wave  amplitude.  Values  up  to  6%  were  measured  in  the  low  laser 
power  case.  In  the  other  cases,  the  satellites  are  so  broad  that  is 
difficult  to  estimate  this  ratio. 

In  the  high-power  case,  the  main  difference  in  the  forward 
spectra  near  the  propagation  axis  (where  the  electron  density  is 
constant)  appears  in  the  broadening  of  the  Raman  satellites.  This 
is  not  surprising  if  we  consider  that  the  temporal  envelope  of  the 
plasma  wave  is  an  increasing  exponential  function  (at  least  at  the 
beginning  of  the  instability)  exp(rf),  where  7  is  the  growth  rate 
of  the  instability.  The  spectrum  of  such  a  wave  has  a  width  that 
is  proportional  to  F.  Furthermore,  F  scales  as  in  the  weakly 
relativistic  limit.  Hence,  for  the  low-power  case,  the  laser  inten¬ 
sity  is  low  and  T/ujp  C  1.  This  gives  a  narrow  spectral  peak  at 
ujp  on  the  spectrum.  This  is  as  we  observe  on  Fig.  3(c):  in  the 
high-power  case,  the  intensity  is  larger,  so  is  7/0;^,  making  the 
spectral  peak  wider.  Physically,  we  can  understand  that  when  the 
growth  rate  becomes  comparable  to  Up,  the  plasma  wave  can  os¬ 
cillate  at  nonresonant  frequencies.  Out  of  the  propagation  axis, 
the  broad  satellite  [see  the  bottom  of  the  Fig.  3(a)]  could  also 
be  the  signature  of  the  propagation  of  light  filaments  in  the  high 
electron  density  region  of  the  channel,  as  observed  in  the  inter- 
ferograms.  These  side  beamlets  can  be  produced  in  the  self- fo¬ 
cusing  regime  [28]  or  by  Raman  side  scattering  [29].  In  the  low 
laser  power  case  {Pl/Pc  <  1),  the  laser  beam  is  self-guided 
by  the  plasma  channel  that  satisfied  the  guiding  condition. 


Fig.  8.  Radial  intensity  profiles  obtained  from  the  forward  Raman  spectra  at 
2uJo  and  at  coq  [same  parameters  as  Fig.  2(c)]. 

In  previous  experiments  [30]  (lo  ^  ^  x  10^^  W/cm^  and 
/ /3  focusing),  second  harmonic  light  was  observed  in  the  for¬ 
ward  direction  with  a  conversion  efficiency  of  10“^.  The  laser 
pulse  was  focused  into  the  helium  gas  jet,  whereas  in  the  present 
case,  the  short  pulse  laser  interacts  directly  with  the  preformed 
plasma.  The  measured  second  harmonic  conversion  efficiency 
in  the  cone  angle  of  the  laser  is  defined  as  the  ratio  between  the 
integral  signal  at  2ujo  and  uq  is  of  the  order  of  10%.  The  main 
mechanism  to  generate  second  harmonic  is  the  presence  of  den¬ 
sity  gradients  in  the  plasma.  Physically,  this  is  because  of  the 
laser-induced  quiver  motion  of  the  electrons  across  a  density 
gradient,  which  gives  rise  to  a  perturbation  in  the  electron 
density  at  the  laser  frequency  Uo  (as  can  be  seen  from  the  con¬ 
tinuity  equation).  This  density  perturbation,  coupled  with  the 
quiver  motion  of  the  electrons  Vosc  produces  a  source  current  J 
at  the  second  harmonic  frequency:  J  =  Srfvosc  ^  cos^(a;of)  oc 
cos(2a;of).  For  the  transverse  electron  density  gradient,  the  cur¬ 
rents  are  phased  to  radiate  predominantly  in  the  forward  di¬ 
rection.  In  this  experiment,  the  source  of  the  density  gradient 
is  mainly  caused  by  relativistic  or  ponderomotive  [31]  self-fo- 
cusing  rather  than  laser  ionization  processes.  This  is  shown  by 
the  observation  (see  Fig,  6)  of  the  long  filaments  at  2a;o  inside 
the  plasma  channel.  Another  confirmation  of  the  production  of 
second  harmonic  from  density  gradients  appears  clearly  in  the 
radial  distribution  measured  in  the  forward  spectra  at  2a;o.  This 
distribution  contains  many  hot  spots,  whereas  the  fundamental 
is  homogeneous,  as  presented  in  Fig.  8.  As  mentioned  in  pre¬ 
vious  experiments  [30],  [32],  the  laser  light  is  frequency-dou¬ 
bled  passing  the  interaction  region  and  scattered  by  the  plasma 
wave,  giving  Stokes  and  anti-Stokes  satellites  at  2ujo  ±  u)p. 
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IV.  Conclusion 

In  conclusion,  we  have  presented  experimental  observations 
of  the  propagation  of  an  ultraintense  laser  pulse  in  a  preformed 
plasma  channel.  Propagation  was  investigated  by  using  interfer¬ 
ometry.  In  the  high  laser  power  case,  many  filaments  produced 
at  the  beginning  of  the  interaction  zone  were  observed  because 
of  Raman  side  scattering  or  to  beam  breakup.  Forward  spectra 
shows  a  cascade  of  Raman  satellites,  which  merge  with  one  an¬ 
other,  in  the  high  laser  power  case.  We  also  report  on  the  obser¬ 
vation  of  the  forward  scattering  of  second  harmonic  (2u;())  light 
from  relativistic  electron  plasma  waves  driven  by  FRS.  The  gen¬ 
eration  of  the  second  harmonic  light  is  consistent  with  the  pres¬ 
ence  of  radial  electron  density  gradients  resulting  from  the  radial 
ponderomotive  force. 
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Abstract — High-intensity  laser-plasma  interaction  experiments 
were  performed  using  high-power  laser  pulses  (greater  than  8 
TW)  at  a  wavelength  of  527  nm.  These  pulses  were  focused  to  in¬ 
tensity  greater  than  10^®  W/cm^  into  underdense  helium  plasma 
at  a  density  of  rig  <  5  x  10^®  cm~^.  Systematic  examination 
of  the  forward  Raman  scattering  instability  was  performed  by 
measuring  the  spectrum  of  the  forward  scattered  light.  It  was 
found  that  the  three-wave  instability  occurs  first,  which  then 
proceeds  to  a  nonlinear  regime  involving  four-wave  processes. 
Measurements  of  the  accelerated  electron  spectrum  suggest  that 
higher  phase  velocity  plasma  waves  are  generated  than  when 
using  lower  frequency  light. 

Index  Terms — Electron  accelerator,  electromagnetic  scattering 
by  plasma  media,  plasma  waves. 


1.  Introduction 

The  emergence  of  high-power  short  pulse  laser  systems 
around  the  world  has  generated  interest  in  the  interaction 
of  high-intensity  laser  light  with  plasmas  because  of  the  many 
potential  applications  of  this  technology  [1].  It  has  also  al¬ 
lowed  a  comprehensive  experimental  study  of  the  fundamental 
physics,  which  can  occur  during  these  interactions,  and  in 
particular  permits  examination  of  high-intensity  laser  scattering 
instabilities.  The  forward  stimulated  Raman  scattering  (FRS) 
instability  has  long  been  studied  in  connection  with  laser-driven 
inertial  confinement  fusion  (ICF),  because  of  a  consequence 
of  FRS  is  the  generation  of  large  amplitude  plasma  waves 
[2].  This  instability  involves  the  scattering  of  laser  photons 
from  electron  plasma  waves  and,  subsequently,  the  transfer  of 
energy  from  the  laser  beam  to  these  waves.  As  this  wave  is  then 
damped,  energetic  plasma  electrons  are  produced  that  preheat 
the  fuel  in  ICF  and  can  reduce  the  efficiency  of  compression. 
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Experimental  studie.s  of  FRS  at  high  density  [31,  where  the 
growth  rate  is  greatest,  tend  to  be  incomplete  because  measure¬ 
ments  are  difficult  in  this  regime.  In  addition,  there  arc  other  fac¬ 
tors  aside  from  FRS,  that  can  contribute  to  plasma  heating  under 
these  conditions.  Theoretical  calculations  of  FRS  indicate  that 
the  growth  rate  of  the  instability  is  a  maximum  for  incident  elec¬ 
tromagnetic  radiation  having  a  normalized  vector  potential  a,, 
about  equal  to  one  |4],  [5|.  (The  normalized  vector  potential  at 
frequency  uj  is  given  by  r/^  “  where  a^,  1  cor¬ 

responds  to  an  intensity  of  0.89  x  10^^  W/cm^  for  a  laser  wave¬ 
length  of  1  //,m.)  Therefore,  intense  short  pulse  lasers,  which  can 
easily  produce  such  intensities,  permit  more  systematic  studies 
of  this  instability.  Indeed,  many  experiments  have  been  per¬ 
formed  with  high-power  NdiGlass  laser  systems  (A  1 ,05  //.m), 
which  clearly  show  the  characteristics  of  FRS,  i.c.,  a  forward 
scattered  spectrum  with  satellite  lines  separated  from  the  fun¬ 
damental  by  multiples  of  the  electron  plasma  frequency  |6|-|91. 
The  production  of  significant  numbers  of  suprathcrmal  electrons 
has  also  been  measured.  These  electrons  can  be  produced  when 
the  plasma  wave  generated  by  the  FRS  decays  through  wave- 
breaking,  so  that  a  significant  number  of  electrons  can  become 
trapped  and  accelerated  in  relativistic  plasma  waves.  Experi¬ 
mentally,  beams  of  electrons  with  a  normalized  emittance  as  low 
as  O.dTT  mm  mrad  [9J  and  having  an  energy  spectrum  up  to  94 
MeV  [10]  have  been  observed.  This  emittance  is  an  order  of 
magnitude  brighter  than  comparable  state-of-the-art  photo-in¬ 
jectors,  and  therefore,  such  experiments  have  been  a  source  of 
much  interest  for  particle  accelerator  applications. 

Thus,  FRS  can  be  an  interesting  high-brightness  source  of 
moderately  relativistic  electrons.  Acceleration  to  high  energy  is 
a  result  of  the  high  phase  velocity  of  the  plasma  wave  at  low 
plasma  densities  (close  to  r:).  Indeed,  because  the  plasma  wave 
must  be  in  phase  with  modulations  of  the  laser  pulse  energy  for 
the  wave  to  grow:  The  phase  velocity  of  the  plasma  wave  is  equal 
to  the  group  velocity  of  light  in  the  plasma.  For  a  plasma  fre¬ 
quency  (jjp  much  less  than  the  laser  frequency  cu^,,  the  Lorenz 
factor  of  the  plasma  wave  is  given  by  7,/,  ^  cUo/cUyv  Hence,  we 
can  see  that  the  maximum  acceleration  increases  as  the  ratio 
increases.  A  simple  estimate  of  the  maximum  accelera¬ 
tion  energy  is  given  by 

ll'in.-ix  =  (1) 

where  e  is  the  ratio  of  plasma  wave  density  variations  to  initial 
plasma  density  [11].  This  estimate  has  been  observed  to  be  ex- 
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Fig.  1.  Gain  of  FRS  for  either  1  /im  at  7?,e  =  1  •  10^®  cm"^  or  0.5  fj,m  at  a 
variety  of  densities  as  a  function  of  intensity  for  a  1-ps  square  pulse  in  the  linear 
regime. 

ceeded  in  experiments  performed  with  1.054-/xm  laser  light  at 
electron  densities  around  1  •  10^^  cm“^,  which  have  resulted  in 
measured  electron  energies  up  to  94  MeV  [10].  These  higher- 
than-expected  energies  are  also  observed  in  simulation  [12]  and 
are  found  to  be  the  result  of  a  staged  acceleration  process.  In 
essence,  a  large  current  of  accelerated  electrons,  generated  by 
wavebreaking,  outrun  the  plasma  wave.  These  electrons  set  up  a 
(nonresonant)  higher  phase  velocity  plasma  perturbation,  which 
itself  can  accelerate  the  tail  of  this  accelerated  bunch  to  even 
higher  energy.  However,  in  the  absence  of  such  beam  loading 
effects,  (1)  does  hold.  So,  increasing  the  phase  velocity  of  the 
plasma  wave,  either  by  reducing  plasma  density  or  by  increasing 
the  frequency  of  the  driving  laser  pulse,  leads  to  an  increase  in 
maximum  possible  acceleration  energy. 

Fig.  1  shows  the  gain  of  FRS  [5]  as  a  function  of  intensity  for 
a  l-fim  driver  beam  at  an  electron  density  of  1  •  10^^  cm"^.  This 
is  the  density  close  to  which  wavebreaking  has  been  observed 
in  previous  experiments  performed  at  1  fim.  Also  plotted  on  the 
same  graph  is  the  gain  with  a  0.5-/xm  driving  laser  beam  at  sev¬ 
eral  different  plasma  densities.  We  can  see  that  at  intensities  less 
than  1  •  10^®  Wcm“^,  it  is  possible  to  match  the  growth  rate  at  1 
/xm  by  increasing  the  density  to  between  2-3  *10^^  cm“^  with 
a  0.5-/im  driver  (i.e.,  up  to  a  increase  in  plasma  frequency). 
Because  the  Lorenz  factor,  7^  of  the  plasma  wave  created  by 
FRS  is  proportional  to  ujo  /cOp,  doubling  the  driver  frequency  re¬ 
sults  in  an  increase  in  phase  velocity  (>2/y'3).  Also,  because 
from  (1)  we  find  that  the  maximum  possible  accelerated  energy 
of  electrons  is  proportional  to  7^ ,  this  should  increase  modestly 
by  more  than  4/3. 

The  FRS  growth  rate  for  1  fim  actually  has  a  maximum,  at 
intensities  close  to  1  •  10^®  Wcm"^  (ftmax  ~  1-4).  This  is  a 
result  of  the  relativistic  mass  increase  of  electrons  quivering  in 
the  electric  field  of  the  laser  at  intensities  where  ao  >  1,  which 
reduces  the  effective  plasma  frequency  (a;^  oc  m“^).  However, 
for  A  =  0.5  /xm,  the  FRS  growth  rate  does  not  reach  its  max¬ 
imum  until  intensities  close  to  1  •  10^^  Wcm“^.  At  such  high  in¬ 
tensities,  it  would  be  possible  with  a  second  harmonic  driver  to 
obtain  equivalent  growth  rates  at  almost  the  same  densities,  re¬ 
sulting  in  significantly  higher  maximum  acceleration  energies. 
Hence,  frequency  doubling  of  a  high-intensity  laser  beam  can  be 


of  interest  when  using  short  pulses  as  drivers  for  a  plasma-based 
source  of  high-energy  particles. 

II.  Experiment 

The  experiment  was  performed  with  the  VULCAN  CPA  laser 
[13].  This  system  produces  up  to  30  J  of  infrared  energy  at  1.054 
/xm,  in  a  stretched  large  bandwidth  pulse.  The  pulse  was  subse¬ 
quently  recompressed  with  a  pair  of  gratings  (to  about  900  fs) 
and  frequency  doubled,  using  a  4-mm  thick  KDP  crystal,  which 
generates  up  to  9  J  at  527  nm  in  a  800-fs  pulse  [14]. 

This  high  power  beam  is  transported  in  vacuum  and  focused 
with  a  /5  off-axis  parabolic  mirror  to  a  spot  of  approximately 
30-^m  diameter,  thus  giving  an  on-axis  intensity  of  around  1  • 
10^®  Wcm"^.  The  spot  is  six  times  the  diffraction  limit  at  this 
wavelength.  This  is  worse  than  the  beam  quality  at  1  /xm  and 
is  because  frequency  doubling  magnifies  the  initial  phase  dis¬ 
tortions  on  the  beam  as  a  ratio  of  the  laser  wavelength  [14].  The 
beam  was  then  focused  to  the  edge  of  a  supersonic  jet  of  helium. 
A  supersonic  gas  jet  is  used  to  give  a  sharp  vacuum/gas  inter¬ 
face,  so  as  to  prevent  problems  caused  by  ionization-induced 
defocusing,  which  can  significantly  reduce  the  intensity  of  the 
interaction  [15],  [16].  The  primary  diagnostics  in  these  experi¬ 
ments  were  measurements  of  the  transmitted  laser  spectrum  (for 
FRS),  as  well  as  an  electron  spectrometer  to  measure  the  energy 
of  electrons  generated  by  the  FRS  plasma  wave.  The  FRS  also 
serves  as  a  measurement  of  the  plasma  density  in  the  interaction, 
because  its  spectrum  is  characterized  by  lines  separated  from 
the  driver  frequency  by  ujp,  the  plasma  frequency.  In  the  case  of 
scattering  off  a  relativistic  plasma  wave,  as  is  the  case  for  FRS, 
the  thermal  correction  to  the  Bohm-Gross  frequency  is  negli¬ 
gible.  Therefore,  the  plasma  frequency  is  simply  proportional 
to  the  square  root  of  the  plasma  density,  ujp  —  yj 
The  density  obtained  in  this  way  is  in  good  agreement  with  inter¬ 
ferometric  measurements  of  the  gas  jet  [17].  The  electrons  were 
dispersed  using  an  electron  spectrometer  in  the  standard  Browne 
and  Buechner  [18],  [19]  arrangement  and  measured  using  six 
silicon  detectors,  placed  in  the  focal  plane  of  the  spectrom¬ 
eter,  The  total  electron  signal  through  the  spectrometer,  which 
had  an  acceptance  of  /60,  was  estimated  by  integrating  the 
spectrum  obtained,  after  removing  the  signal  obtained  on  back¬ 
ground  shots.  The  background  shots  were  obtained  by  firing 
with  the  same  parameters  but  with  the  spectrometers  B  field  set 
to  zero. 

Another  advantage  of  performing  laser-plasma  interaction 
experiments  using  a  laser  with  a  wavelength  of  527  nm  is  that 
conventional  silicon-based  CCD  detectors,  which  are  used  for 
measuring  the  spectrum  of  scattered  light  in  these  experiments, 
have  a  much  higher  sensitivity  in  this  wavelength  region  than 
around  1000  nm. 

III.  Results 

Satellites  caused  by  FRS  were  clearly  observed  in  the  spec¬ 
trum  of  the  transmitted  beam.  A  typical  FRS  spectrum  with  mul¬ 
tiple  satellites  on  either  side  of  the  fundamental  frequency  is 
shown  in  Fig.  2.  Fig.  3  shows  the  experimental  measurements 
of  the  ratio  of  the  upshifted  and  downshifted  satellites  as  a  func¬ 
tion  of  density.  At  low  densities,  the  scattering  is  dominated  by 
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Fig.  2.  Typical  FRS  spectra  shows  cascading.  Plasma  density  was  4.C  -  10 
cm“^,  average  |rto|  =  0.32.  refers  to  the  expected  wavelength  of 
the  different  EM  waves,  where  the  subscript  .r  is  replaced  by  S,  0,  a-S 
corresponding  to  Stokes,  fundamental,  and  anti-Stokes  lines,  and  the  number 
refers  to  the  order  of  the  harmonic. 


electron  density  (cnr^) 

Fig,  3.  Ratio  of  Stokes  to  anti-Stokes  satellite  in  FRS  spectra  as  a  function  of 
density. 

the  red  satellite.  This  is  commonly  observed  in  FRS  spectra  be¬ 
cause  the  FRS  passes  through  several  regimes  having  different 
characteristics.  At  low  intensities — hence,  early,  in  the  interac¬ 
tion — the  scattering  is  essentially  three  wave.  In  effect,  the  elec¬ 
tromagnetic  pump  wave,  of  frequency  loq,  decays  into  a  plasmon 
Up  and  a  daughter  wave  u;~ ,  as  given  by  uq  =  Up  -h  u~  ,  Ini¬ 
tially,  this  process  has  a  higher  growth  rate  in  sidescattered  di¬ 
rections,  but  because  of  the  large  spread  in  wavenumber  k  of 
a  tightly  focused  laser  beam,  some  frequency-shifted  photons 
can  scatter  into  the  cone  of  the  laser  beam  and  be  further  ampli¬ 
fied.  Plasma  waves  generated  by  this  process  can  act  as  a  seed 
for  a  four- wave  process,  in  which  both  downshifted  (jj~  and  up- 
shifted  satellites  are  resonant  or  near-resonant.  Several  au¬ 
thors  describe  how  one  expects  the  scattering  to  progress  in  time 
from  the  three  wave  to  the  nonresonant  four  wave,  where  both 
satellites  grow  but  the  downshifted  satellite  still  dominates,  and 
finally,  to  the  resonant  four  wave,  where  both  red  satellite  and 
blue  satellite  should  grow  with  equal  amplitude  [4],  [20]. 


Fig.  3  shows  the  relative  amplitude  between  anti-Stokes  and 
Stokes  lines  as  a  function  of  density.  By  varying  density,  we  can 
increase  the  relative  growth  rates  and  so  affect  the  transition  be¬ 
tween  these  regimes.  In  the  figure,  we  see  that  the  anti-Stokes  in¬ 
creases  in  amplitude  relative  to  the  Stokes  with  increasing  den¬ 
sity.  This  suggests  that  the  transition  between  three  wave  and 
four  wave  occurs  earlier  for  higher  densities.  This  may  seem 
surprising  because  the  blue  satellite  is  not  exactly  matched  to 
the  forward  going  plasma  wave,  and  at  higher  densities,  this 
mismatch  would  tend  to  increase.  This  would  imply  that  the  ef¬ 
ficiency  of  the  four- wave  scattering  processes  ought  to  be  re¬ 
duced  at  higher  density,  resulting  in  a  decrease  in  amplitude  of 
the  anti-Stokes  compared  with  the  Stokes,  contrary  to  what  is 
observed. 

Evidence  of  the  temporal  behavior  described  above  is  ap¬ 
parent  in  the  spectrum  shown  in  Fig.  2.  As  can  be  seen,  the 
laser  light  transmitted  at  the  fundamental  frequency  has  an 
extended  width  to  the  blue  side.  This  has  been  reported  by 
many  authors  and  is  the  result  of  (optical  field-induced)  tunnel 
ionization.  The  extremely  high  ionization  rates,  which  are  ex¬ 
perienced  in  these  interactions,  result  in  a  dramatic  increase 
in  density  and  a  corresponding  decrease  in  refractive  index. 
As  the  ionization  state  of  the  medium  changes  during  the 
laser  pulse,  the  decreasing  refractive  index  retards  the  front 
of  the  pulse,  causing  a  phase-shift  as  a  function  of  distance 
into  the  pulse.  Essentially,  the  contours  of  equal  phase  are 
brought  closer  together,  resulting  in  a  shift  to  shorter  wave¬ 
length  [15],  [16].  In  these  experiments,  the  target  gas  was  he¬ 
lium,  which  is  completely  stripped  at  an  intensity  of  around 
1  •  10^^  Wcm“^.  Hence,  we  expect  that  most  of  the  ioniza¬ 
tion  and  ionization-induced  blueshifting  will  take  place  early 
in  the  pulse,  as  soon  as  this  intensity  is  reached.  Noticeably, 
in  Fig.  2,  the  red  Stokes  satellite  has  a  blue  shift  similar  to 
the  fundamental  frequency  profile.  No  significant  asymmetry 
is  seen  in  the  anti-Stokes  satellite.  It  is  evident,  therefore, 
that  the  downshifted  (red)  satellite  is  produced  throughout  the 
duration  of  the  laser  pulse,  including  early  times  when  ion¬ 
ization  effects  are  significant.  The  blue  satellite  only  achieves 
prominence  later  and  is  scattered  from  the  later  part  of  the 
laser  pulse  and,  therefore,  remains  unshifted  in  frequency. 
The  blue-shifted  tail  of  the  Stokes  satellite  was  very  repro¬ 
ducible  and  occurred  on  all  of  the  spectra  obtained  in  these 
experiments. 

Also  noticeable  in  the  spectra  is  the  presence  of  satellites 
at  multiples  of  the  plasma  frequency.  This  cascading  of  laser 
energy  to  other  scattered  frequencies  is  a  sign  of  a  feedback 
mechanism  between  the  scattered  electromagnetic  waves  and 
the  plasma.  Hence,  we  can  treat  the  increasing  signal  of  the 
higher  Up  harmonics  as  a  measure  of  increasing  plasma  wave 
amplitude.  Fig.  4  shows  the  ratio  of  the  second  to  first  satel¬ 
lites  for  both  blue  and  red  sides  of  the  fundamental.  On  the  red 
side,  there  is  a  gradual  exponential  increase  in  this  ratio,  which, 
as  expected,  shows  the  distribution  of  energy  to  the  higher  har¬ 
monics  as  the  created  wave,  and  hence,  the  nonlinear  feedback 
becomes  larger.  However,  on  the  blue  side,  the  behavior  is  com¬ 
pletely  different.  Indeed,  the  ratio  of  the  second  satellite  to  the 
first  actually  decreases.  In  fact,  not  only  does  the  first-order  blue 
satellite  grow  much  more  rapidly  than  does  the  others,  but  also 
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Fig.  4.  Ratio  of  second  to  first  Stokes  and  anti-Stokes  lines  as  a  function  of 
density. 


Ratio  of  second  Stokes  to  first 
Stokes  satellite  intensity 

Fig.  5.  Total  number  of  detected  electrons  versus  the  ratio  of  second  to  first 
Stokes  lines. 


the  second  satellite  actually  decreases  slightly  in  amplitude  with 
increasing  density.  This  implies  that  the  cascading  process  is 
much  less  efficient  for  satellites  of  increasing  photon  energy, 
perhaps  because  of  the  increasing  mismatch  of  wave- vectors  at 
shorter  wavelength. 

We  can  make  an  estimate  of  the  plasma  wave  amplitude,  if  we 
assume  that  the  ratio  of  the  harmonic  Raman  satellites  is  propor¬ 
tional  to  the  harmonic  content  of  the  scattering  plasma  wave. 
This  supposes  that  the  generated  sideband  acts  as  a  Thomson 
scattering  probe  for  the  self-generated  plasma  wave,  though  of 
course  this  is  a  great  simplification  considering  the  stimulated 
nature  of  this  interaction.  The  harmonic  content  of  the  plasma 
wave  fjLjn  as  a  function  of  the  plasma  wave  amplitude  Sn/no  is 
given  by  [21] 

(Mr./Mo)  -  (m-/2— 1  .  ml)  •  {6n/no)^ 

where  m  is  the  number  of  the  harmonic.  Hence,  the  ratio  of 
scattered  intensity  between  second  and  first  harmonics  is  simply 
equal  to  the  square  of  the  plasma  wave  amplitude.  Values  up  to 
0.05  were  measured  within  our  experimental  parameters.  Fig. 
5  shows  the  total  electron  signal,  measured  above  5  MeV  for  a 
fixed  setting  of  the  dispersing  magnet,  plotted  against  this  ratio 
of  amplitudes  of  second  to  first  Stokes  line  of  the  FRS.  This 
value  is  obtained  by  interpolating  the  electron  spectra  between 
the  values  measured  by  the  diodes  and  integrating.  Hence,  this 
number  only  corresponds  to  the  electrons  passing  through  the 
/60  acceptance  angle  of  the  spectrometer.  The  shot-to-shot  vari¬ 
ation  of  electron  numbers  is  great  and  can  vary  by  as  much  as  an 
order  of  magnitude.  However,  clearly,  as  the  plasma  wave  ampli¬ 
tude  becomes  larger,  the  total  number  of  electrons  trapped  and 
accelerated  also  becomes  larger,  as  expected.  There  is  though, 
a  surprising  drop  in  electron  number  at  the  very  highest  value 
(piiO.OS),  especially  beause  the  maximum  detected  energy  does 
not  change  greatly  over  these  shots. 

For  our  measurements  of  accelerated  electrons,  it  was  found 
that  through  the  careful  use  of  copper  shielding  in  front  of 
the  silicon  electron  detectors,  it  is  possible  to  eliminate  stray 
lower  energy  electrons  in  the  higher  energy  channels.  With  this 
method  of  shielding  low-energy  electron  noise,  the  maximum 
electron  energy  measured  with  these  parameters  was  18  MeV. 


Fig.  6.  Typical  electron  signal  with  background  noise  shown  on  same  graph. 
Plasma  density  was  8.2  •  10^®  cm“^,  average  \ao\  =  0.33. 

For  the  particular  shot  shown  in  Fig.  6,  the  measured  plasma 
wave  amplitude  was  0.02  and  the  density  was  8  ♦  10^^  cm”^. 
With  these  parameters,  we  can  estimate  the  maximum  energy 
of  trapped  electrons  outrunning  the  plasma  wave.  Using  (1), 
we  obtain  an  expected  maximum  energy  of  14  MeV,  which 
is  less  than,  but  surprisingly  close  to,  the  measured  value. 
Indeed  two-dimensional  considerations  [10]  have  suggested 
that  our  estimate  should  be  half  this  value,  because  acceler¬ 
ation  is  expected  over  only  one-quarter  of  the  plasma  wave 
length,  rather  than  the  full  half,  which  has  an  accelerating 
gradient,  as  has  been  taken  for  (1).  This  is  because  over  only 
one-quarter  of  the  plasma  wave  is  the  electric  field  of  the 
Wakefield  both  accelerating  and  focusing  electrons.  Hence,  it 
seems  that  we  underestimate  the  amplitude  of  the  plasma  wave 
by  not  taking  into  account  volume  and  temporal  integration 
of  the  scattering  to  the  higher  harmonics.  However,  the  clear 
increase  in  electron  numbers  with  increasing  nonlinearity  of 
the  Raman  scattering  verifies  that  plasma  wave  excitation 
and  self-trapping  is  the  method  of  fast  electron  generation  in 
this  case  [6].  This  is  confirmed  by  comparing  the  numbers  of 
accelerated  electrons  above  5  MeV  with  increases  in  the  Stokes 
amplitude,  which  shows  an  order  of  magnitude  increase  for 
modest  increase  (doubling)  in  anti-Stokes  level,  and  agrees 
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well  with  the  observation  of  simulation  [12].  Of  course,  the 
fact  that  background  electrons  can  be  trapped  and  accelerated 
at  plasma  wave  amplitudes  well  below  the  wave  breaking  limit 
[2]  suggests  that  the  plasma  is  extremely  hot  (on  the  order  of 
kiloelectronvolts).  It  has  been  suggested  that  it  is  the  influence 
of  lower  phase  velocity  stimulated  scattering  (in  particular, 
Raman  backscatter)  that  can  provide  sufficient  heating  to  allow 
these  electrons  to  be  trapped  [22],  [23]. 

IV.  Discussion 

The  experiments  described  here  are  the  first  high-intensity 
laser-p]asma  interaction  experiments  performed  in  the  under- 
dense  regime  using  frequency  doubled  light  at  527  nm.  It  is  ap¬ 
parent  from  the  observed  forward-scattered  spectra  that  the  FRS 
instability  initially  begins  in  the  three-wave  mode,  seeded  by 
noise  in  the  plasma.  This  mode  then  produces  plasma  waves  that 
can  couple  with  the  two  scattered  electromagnetic  waves  suffi¬ 
ciently  to  excite  the  four-wave  process,  resulting  in  a  significant 
amount  of  light  being  scattered  into  the  anti-Stokes  satellite. 

The  significance  of  the  anti-Stokes  satellite  grows  rapidly  as 
the  electron  density  or  the  laser  intensity  increases.  Although 
theoretical  understanding  of  the  nonlinear  evolution  of  the 
Raman  scattering  instability  generally  accepts  that  this  is  the 
process  by  which  the  four- wave  scattering  occurs,  this  is  the 
first  experimental  evidence  to  confirm  that  the  three-wave 
process  always  occurs  first,  and  thus  serves  to  seed  the  growth 
of  four-wave  processes  and  the  subsequent  cascading  to  higher 
order  satellites. 

With  the  nonideal  beam  used  in  this  experiment 
(6  X  diffraction  limit),  we  were  able  to  trap  and  accel¬ 
erate  electrons  to  18  MeV.  It  is  envisaged  that  with  an 
optimized  frequency  doubled  driver,  offering  intensities  up  to 
1  X  10^^  Wcm“^  [24],  future  experiments  at  527  nm  will  offer 
plasma-based  electron  acceleration  to  yet  higher  energies. 
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Propagation  of  Intense  Laser  Pulses  Through 
Inhomogeneous  Ionizing  Gas  Profiles 

Nikolai  E.  Andreev,  Mikhail  V.  Chegotov,  Michael  C.  Downer,  Erhard  W.  Gaul,  Nicolas  H.  Maths,  Alla  A.  Pogosova, 

and  Andy  R,  Rundquist 


Abstract — By  simultaneously  and  self-consistently  solving 
Maxwell’s  equations,  the  Ammosov-Delone-Krainov  (ADK)  field 
ionization  equation,  and  the  relativistic  cold  plasma  equations, 
we  have  investigated  the  propagation  of  intense,  ultrashort 
laser  pulses  through  spatially  inhomogeneous  longitudinal  gas 
gradients.  Along  with  highly  accurate  calculations  of  the  spatial 
and  temporal  beam  profiles  of  the  pulse  at  the  end  of  various 
gradients,  we  have  also  determined  simple  scaling  rules  for  the 
location  of  the  vacuum-gas  interface  in  order  to  minimize  the 
pulse  distortion  at  the  focus.  We  show  the  benefits  of  using  either 
preionized  or  low-Z  gases,  and  we  discuss  the  implications  of  this 
work  for  plasma-channel  laser  wakefield  acceleration. 

Index  Terms — Laser  ionization,  laser  propagation,  laser  pulse 
distortion,  laser  wakefield  acceleration,  plasma. 


L  Introduction 

Simulations  of  intense  laser  pulse  propagation  in 
underdense  plasmas  [l]-[4]  often  assume  fully  ionized 
plasma  as  an  initial  condition.  However,  experiments  often 
require  the  laser  pulse  first  to  ionize  a  gas,  or  to  propagate 
through  neutral  gas  end  regions  before  reaching  preionized 
plasma.  The  resulting  ionization-induced  distortions  [5]-[ll] 
of  propagating  pulses  depend  strongly  on  gas  species,  spatial 
profile  of  the  gas,  and  focus  geometry.  From  Maxwell  and 
hydrodynamic  equations  and  the  Ammosov-Delone-Krainov 
(ADK)  model  of  tunnel  ionization  [12],  we  derive  a  system 
of  three-dimensional  (3-D)  equations  for  the  slowly  varying 
amplitude  of  a  short,  intense  laser  pulse  propagating  through 
an  ionizing  gas.  We  then  simulate  the  propagation  of  30-fs, 
5-TW,  0.8-lLim  pulses  through  inhomogeneous  longitudinal 
profiles  of  neutral  H,  He,  Ne,  and  Ar  gas  tailored  to  reach 
final  plasma  density  {n^  —  2  x  10^^  cm“^)  upon  complete 
outershell  ionization,  thus,  enabling  resonant  laser  wakefield 
[13],  [14]  generation  with  only  mild  relativistic  self-focusing 
(P  <  Pcrit)*  The  results  show  that  the  laser  pulse  can  propagate 
stably  over  several  Rayleigh  lengths,  reach  peak  focused  inten¬ 
sity  equal  to  or  greater  than  the  vacuum  value,  and  generate  a 
smoothly  structured  wakefield  if  the  pulse  intensity  exceeds 
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the  threshold  for  complete  outershell  ionization  at  the  entrance 
to  the  gas  medium.  If  this  simple  criterion  is  not  met,  the  pulse 
severely  defocuses  for  the  discussed  ranges  of  gas  pressure  and 
pulse  power. 


II.  Model  OF  Numerical  Simulations 


The  dynamics  of  plasma  formation  due  to  tunneling  ioniza¬ 
tion  of  a  gas  in  the  field  of  a  short,  inten.se  laser  pulse  can  be  de¬ 
scribed  by  the  equations  of  ionization  kinetics  for  the  densities 
Nk  of  ions  with  ionization  multiplicity  /.  (/.:  =  0, 1, ... ,  -  1, 

where  is  the  charge  number  of  an  atom  nucleus)  [9],  [10]. 
The  electron  production  rate 

OAT  ^71 —1 

r  =  ^  =  ^  ^  I'W  (I) 

A’  =  l  ^  A'=0  A:=n 


dt 


is  governed  by  the  probabilities  Wk  of  tunneling  ionization  per 
unit  time  for  ions  with  multiplicity  k,  which  arc  determined 
by  the  well-known  ADK  formula  [12].  In  the  processes  of  tun¬ 
neling,  ionization  V  oscillates  in  time  (if  the  laser  pulse  is  not 
circularly  polarized)  and  includes  the  zeroth  and  higher  even 
harmonics  of  the  laser  pulse  frequency.  These  should  be  taken 
into  account  in  studies  of  the  laser  pulse  propagation  in  an  ion¬ 
izing  gas  and  wakefield  generation  in  a  plasma  produced  by  the 
laser  pulse  [15]-[18]. 

To  describe  the  laser  pulse  evolution  and  fields  that  vary  on 
the  time  and  spatial  scales  and  of  laser  radiation  in 
a  plasma  produced  by  the  short  laser  pulse,  we  use  the  rela¬ 
tivistic  hydrodynamic  equations  for  cold  plasma  electrons  and 
Maxwell’s  equations  along  with  the  ionization  kinetics  (1)  of 
immobile  ions  [18]  described  above.  We  apply  harmonic  anal¬ 
ysis  with  the  slow-varying  envelope  approximation  and  expan¬ 
sion  with  the  parameter  |rt|  =  \eEo\/{7nuJoc),  where  the  dimen¬ 
sionless,  slowly  varying  envelope  amplitude  a  of  the  laser  pulse 
is  related  to  the  electric  field  E  by  the  expression 

eE/{m.uJoc)  —  Ro{eo^-oxp[— -h  ikoz]].  (2) 


Here,  eo  is  the  unit  vector  of  the  polarization,  which  is  assumed 
to  be  linear,  ko  :=  u)o/c,  and  the  laser  pulse  propagates  along  the 
2:-axis.  In  such  harmonic  analysis,  the  zeroth  and  second  har¬ 
monics  of  the  electron  density  should  be  taken  into  account: 
Ae  =  no  +  Re[n2  exp(-2'ACc;f)].  As  a  consequence,  we  allow 
for  zeroth  (Tq)  and  the  second  (r2)  harmonics  of  the  electron 
source  f  (1).  For  a  wide  range  of  gases  and  laser  pulse  parame¬ 
ters  r2  «  2  •  /A  •  To,  where  //,  ~  0.7  -  1  [18],  [19].  The  zeroth 
harmonic  of  the  electron  source  Fq  should  be  calculated  using 
the  envelope  amplitude  of  the  laser  pulse  by  averaging  the  ADK 
formula  for  W}.  [12],  [16]  over  a  laser  period. 

We  use  the  quasi-static  approximation  [20],  which  assumes 
that  the  temporal  variations  of  slow  quantities  are  negligible 
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within  the  laser  pulse  duration.  In  addition,  we  assume  that  the 
plasma  is  sufficiently  rarefied  to  ignore  the  difference  between 
the  pulse  group  velocity  and  the  speed  of  light.  These  assump¬ 
tions  allow  us  to  consider  all  slow  quantities  as  functions  de¬ 
pending  mainly  on  the  variables  r±  =  CxX  +  eyy  and  ^  =  z~ct 
(and  slightly  onr  =  t  through  the  quantity  |a|). 

In  these  variables  comoving  with  the  lase£j)ulse,  the  equa¬ 
tions  of  ionization  kinetics  for  ion  densities  Nk  averaged  over 
a  laser  period  can  be  written  in  the  form 


dDo 

dPk 


=  - 
c 

=  -^'^kDk-Wk-iDk-i] 


(3) 


where  Dk  —  Nk/ria  are  the  relative  ion  densities  normalized 
to  the  time-independent  inhomogeneous  gas  density,  which  in 
turn  equals  the  total  ion  density  (including  neutrals)  na{r)  — 
solution  to  (3)  makes  it  possible  to  define  the 
zeroth  harmonic  of  the  electron  density  Ne  and  the  electron  pro¬ 
duction  rate  T 

|(1  -  Do)Zn  -  ^  +  1  -  k)Dk^ 

=  (4) 

fc=0  k~0 

To  describe  the  laser  pulse  evolution,  we  use  the  following 
equation  (compare  [19])  for  the  pulse  envelope  a: 

.  o  .  n  71  f  I  l2 

2^a;o  A_La  ~  - 7  a  a 

dr  ^  [no  4 


OJQ 

Tie 


—  p(fe) 
a*  ^  ^  m& 


(5) 


where  A_l  =  (l/r)(5/9r)(r(^/5r))  is  the  transverse  part  of 
the  Laplace  operator,  Uc  =  mojQ/A'Ke^  is  the 

critical  density  for  the  laser  frequency  uq,  and  Uk  is  the  poten¬ 
tial  of  ionization  of  ions  with  multiplicity  k  to  ionization  mul¬ 
tiplicity  -h  1,  r2  =  //To;  no  and  T^^^  are  determined  by  (3) 
and  (4).  The  total  (slowly  varying)  electron  plasma  density  n 
describes  the  nonlinear  plasma  response  to  the  ponderomotive 
action  of  the  laser  pulse  with  consideration  for  tunneling  ioniza¬ 
tion  processes,  namely,  the  wakefield  generation. 

In  deriving  (5),  the  scale  of  the  plasma  inhomogeneity  is  as¬ 
sumed  to  be  larger  than  the  wavelength  of  the  laser  radiation 
and  the  higher  order  space  and  time  derivatives  responsible  for 
the  laser  pulse  dispersion  and  laser  energy  depletion  due  to  the 
wakefield  generation  are  omitted.  These  second-order  deriva¬ 
tives  as  well  as  the  terms  on  the  right-hand  side  in  (5),  which 
describe  the  laser  energy  losses  due  to  ionization  processes,  are 
small  (see  [18]  and  [19])  and  can  be  neglected  for  the  cases  dis¬ 
cussed  below  of  rather  low  gas  pressure,  weakly  relativistic  laser 
pulse  intensities,  and  atoms  with  few  electrons. 

With  the  same  assumptions  as  were  used  to  obtain  (5),  the 
low-frequency  electric  and  magnetic  fields  in  plasma  can  be  ex¬ 
pressed  in  terms  of  a  single  scalar  function  <j) 


eEz 

d<j> 

eEr 

_  d<i> 

mc^ 

mc^ 

rac^ 

dr 

-2  -1  Oz/Zj^  i  2 

(a) 

b  -6  -4  -2  0  2  z  [mm] 


-8-6  4-2  QZ/Zr 


(c) 

Fig.  1.  (a)  Axial  normalized  vector  potential  amax(?’  =  0,  z)  at  the  peak  of  a 
30-fs,  5-TW,  0.8-p  laser  pulse  focused  at  / 30  into  the  inhomogeneous  profile 
of  neutral  H,  He,  Ne,  or  Ar  gas  depicted  by  the  shaded  region  at  the  bottom.  A 
3 -mm  long  entrance  and  exit  ramps  with  linear  density  gradients  bound  a  3 -mm 
long  plateau  of  uniform  gas  density  (2  x  10^®  cm“^)/.2^inax,  where  2’niax  =  1 
(H),  2  (He),  8  (Ne),  8  (Ar)  is  the  ionization  level  corresponding  to  removal 
of  the  outer  electron  shell.  The  axial  vector  potential  for  a  focus  into  vacuum 
(dashed  curve)  and  a  fully  preionized  plasma  of  the  same  profile  (dotted  curve) 
are  shown  for  comparison.  Axial  electron  density  profiles  ne{z)  resulting  from 
propagation  of  the  pulse  through  H  and  Ne  profiles  are  plotted  at  the  bottom, 
(b)  Axial  vector  potentials  for  H,  He,  Ar  as  in  (a),  but  with  entrance  and  exit 
density  ramps  increased  to  6-mm  scale  length,  (c)  Axial  vector  potentials  for 
H,  He  as  in  (b),  but  with  entrance  and  exit  density  ramps  increased  to  20.6-mm 
scale  length. 


which  is  determined  by  (compare  [21]) 


9  In  no  d^cj) 
dr 


=  ::f{A^-ki)\af-ki 


'+4K 


Re\{a*f 


m 


where  kp  =  kp{r,^)  =  =  47re^no  (r,^)/mc^  and  the 

“background”  electron  density  no(r’,  ^)  is  defined  by  the  ioniza¬ 
tion  kinetics  (3),  (4).  The  nonlinear  plasma  response  (including 
the  relativistic  nonlinearity)  can  be  also  expressed  via  potential 


(6) 
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Fig.  2.  Contour  plots  of  normalized  vector  potential  of  laser  pulse  at  (a)  r  =  -O.Gc/^  and  (b)  r,  =  0  propagating  into  He  proille  with  3-mm  entrance 

ramp;  corresponding  contour  plots  of  normalized  ion  charge  at  (c)  c  =  — O.C.r/Y  and  (d)  c  =  0;  corresponding  laser  wakeficld  potential!  {i\i)  for  laser 

pulse  at  (e):r  =  —0.0.-^  and  (f)  c  =  0.  Panel  (g)  shows  contour  plots  of  Z//,/ 7? after  laser  pulse  has  propagated  through  entire  gas  profile.  Note  that  the  intense 
core  of  the  pulse  propagates  without  distortion  through  the  wide  axial  region  of  uniform,  fully  ionized  plasma. 


Equations  (3)-(8)  are  the  complete  system  of  equations  to  de-  The  initial  condition  (with  respect  to  r)  should  be  added  to 
scribe  the  self-consistent  dynamics  of  a  short,  intense  laser  pulse  thi  s  system.  In  the  laboratory  frame,  this  condition  corresponds 
propagation  and  wakefield  generation  in  an  inhomogeneous  ion-  to  the  boundary  condition  at  the  entrance  of  the  gas  slab  z  =  Zin,. 
izing  gas.  We  determined  the  initial  distribution  of  the  laser  pulse  electric 
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field  as  a  Gaussian  function  of  ^  and  r 
a(C,r,r  =  0) 


gp 

a/I  + 


exp 


-2  In  2 


rl  (1  +  AJz\) 


.  r^/co  .  Zin 

+  ^  \  — 
2R[zi^)  ZR 


where  ro  is  the  minimum  radius  of  the  laser  pulse  at  the  best 
vacuum  focus  (z  =  0),  rimp  is  the  full-width  at  half  maximum 
(FWHM)  pulse  duration,  ao  =  eEo / {mcvoc)  ^  Eq  is  the  max¬ 
imum  laser  electric  field,  R{zin)  =  ^m(l  +  ^r/^Iu) 
vature  radius  of  the  laser  pulse  wave  front,  and  zr  =  korQ/2  is 
the  Rayleigh  length.  The  boundary  conditions  for  the  wakefield 
potential  implies  that  cj)  =  0  in  the  unperturbed  plasma  or  gas  in 
front  of  the  pulse  (^—>00)  and  at  r  — ^  00. 


III.  Results 

The  maximum  of  the  normalized  vector  potential  amax(^) 
at  the  laser  pulse  axis  of  a  30-fs,  5-TW,  0.8-pm  laser  pulse 
focused  at  ~//30  into  the  inhomogeneous  profile  of  neutral 
H,  He,  Ne,  or  Ar  gas  is  shown  in  Fig.  1(a).  The  profile  of  a 
gas  jet  or  of  a  differentially  pumped  gas  cell  is  simulated  by 
a  3-mm  long  entrance  and  exit  ramps  with  linear  density  gra¬ 
dients  bounding  a  3-mm  long  plateau  of  uniform  gas  density 
(2  X  cm-3)/Zn,ax,  where  Z^ax  =  1  (H),  2  (He),  8  (Ne),  8 
(Ar)  is  the  ionization  level  corresponding  to  removal  of  the  outer 
electron  shell.  The  peak  of  the  vector  potential  for  focusing  into 
vacuum  (dashed  curve)  and  fully  preionized  plasma  of  the  same 
profile  (dotted  curve)  is  shown  for  comparison.  H,  He,  and  a 
preionized  gas  show  a  peak  vector  potential  greater  than  the  one 
of  a  vacuum  focus  due  to  self-focusing.  The  laser  pulse  prop¬ 
agation  in  hydrogen  is  barely  different  from  the  one  in  preion¬ 
ized  gas,  because  the  only  ionization  step  in  hydrogen  occurs  far 
outside  of  the  simulated  gas  profile.  However,  for  Ar  and  even 
more  for  Ne,  there  are  ionization  steps  inside  the  gas  profile, 
which  are  nonuniform  across  the  radial  direction,  thus,  forming 
a  negative  lens  in  plasma  and  defocusing  the  laser  pulse.  The 
result  is  decreased  peak  intensity  on-axis  for  those  gases.  The 
lower  parts  of  Fig.  l(a)~(c)  show  the  axial  electron  density  pro¬ 
files  ne{z)  resulting  from  propagation  of  the  pulse  through  H 
and  Ne  [Fig.  1(a)]  or  He  [(b)  and  (c)]  profiles.  To  investigate 
the  dependence  on  the  gas  profile,  we  used  the  same  focusing 
geometry  and  laser  parameters  but  increased  the  length  of  the 
ramp  to  6  and  20.6  mm  in  Fig.  1(b)  and  (c),  respectively.  The 
increased  length  of  the  ramp  decreases  the  laser  intensity  at  the 
beginning  of  the  gas;  thus,  there  are  additional  ionization  steps 
for  argon  within  the  gas  profile  and  the  laser  pulse  defocuses  due 
to  plasma  lensing.  For  helium,  the  intensity  is  not  high  enough  to 
doubly  ionize  the  gas  across  the  full  beam,  and  we  notice  some 
decrease  in  peak  axial  vector  potential  [Fig.  1(b)].  If  we  increase 
the  length  of  the  ramp  further  [Fig.  1(c)],  the  laser  pulse  also  de¬ 
focuses  in  helium. 

Fig.  2  shows  contour  plots  of  the  normalized  v^tor  poten¬ 
tial  a(r,  [(a)  and  (b)]  the  normalized  ion  charge  Znijneo  = 
no(r,^)/neo  [(c)  and  (d)],  and  the  corresponding  laser  wake- 
field  potential  0(r,  [(e)  and  (f)]  for  a  laser  pulse  propagating 


Z[mml 
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Fig.  3.  Upper  curves:  axial  normalized  vector  potential  plots  of  the  focused 
pulse  for  the  3-mm  He  density  ramp  as  in  Fig.  1(a),  but  for  three  different 
positions  of  the  vacuum  focus.  Lower  curves:  corresponding  amplitudes  of  laser 
wakefield. 


into  an  He  gas  profile  with  a  3-mm  entrance  ramp  at  positions 
—  -{).^zr  and  2;  =  0.  Fig.  2(g)  shows  the  contour  plot  of 
~Znilne{)  =  nQ{r,z,t  oo)/neo  after  the  laser  pulse  has  prop¬ 
agated  through  the  entire  gas  profile.  Note  that  the  intense  core 
of  the  pulse  propagates  without  distortion  through  the  wide  axial 
region  of  uniform,  fully  ionized  plasma.  The  density  step  from 
first  to  second  ionization  can  be  recognized  in  the  radial  direc¬ 
tion.  There  is  a  small  defocusing  on  the  radial  edge  of  the  pulse. 
If  the  focus  is  moved  deeper  into  the  gas,  the  peak  of  the  nor¬ 
malized  vector  potential  a(r’,  and  the  corresponding  wake¬ 
field  amplitude  femax/’^Oe  is  decreased,  as  shown  in  Fig.  3.  For 
contrast,  the  contour  plots  of  a(r,^)  and  Zni(r,^)/neo  for  a 
laser  pulse  propagating  into  an  He  gas  profile  with  a  20.6-mm 
entrance  ramp  at  even  earlier  positions  2;  =  —6.5zr  and  2;  = 
-.2Szr  are  shown  in  Fig.  4(a)-(d),  and  (e)  shows  the  corre¬ 
sponding  Zni/ueo  =  no{r^z^t  oc)/neo  after  the  laser  pulse 
has  propagated  through  the  gas  profile.  The  core  of  the  pulse  is 
strongly  distorted  because  of  strong  radial  electron  density  gra¬ 
dients  near  the  axis.  Note  that  Fig.  4  shows  wider  radial  and 
slightly  different  axial  dimensions  than  does  Fig.  2.  In  addition 
to  reduced  peak  intensity  on-axis,  the  distorted  pulse  has  random 
peaks  off-axis  and  cannot  drive  a  controlled  wakefield. 
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Fig.  4.  Contour  plots  of  normalized  vector  potential  fl(r,  0  of  laser  pulse  at  (a)  c  =  -6.5c/?  and  (b)  -  =  -0.28^/^  propagating  into  the  He  profile  with 
20.6-mm  entrance  ramp;  corresponding  contour  plots  of  normalized  ion  charge  at  (c)  c  =  -6.5c/^  and  (d)  c  =  -0.28.' and  (e)  after  propagation  of 

pulse  through  entire  profile.  Note  that  intense  core  of  the  pulse  is  strongly  distorted  because  of  strong  radial  electron  density  gradients  near  the  axis. 


IV,  Discussion 

The  rigorous,  self-consistent  results  of  the  above  sections  can 
be  understood  intuitively  by  considering  simple  Gaussian  fo¬ 
cusing.  The  laser  pulse  can  propagate  stably  to  the  vacuum  focus 
provided  that,  at  the  entrance  to  the  gas  medium,  the  bulk  of 
the  energy  in  the  pulse  is  inside  the  isointensity  contour  cor¬ 
responding  to  the  threshold  for  complete  outershell  ionization. 
For  pure  Gaussian  focusing,  the  location  of  the  corresponding 
threshold  of  the  gas  interface  (from  the  vacuum  focus)  can  be 
calculated  so  that  the  above  criterion  is  met.  If  a  fraction  x  of 
the  beam  energy  is  to  be  inside  the  given  isointensity  contour, 
the  gas  interface  must  be  located  no  further  from  the  focus  than 
Zth,  which  is  given  by 


Zth  =  Zr 


Hh 


exp 


-2\l -  x) 


1  (9) 


where 

zr  Rayleigh  length; 

^nmx  peak  intensity  at  the  vacuum  focus; 

Ith  intensity  at  the  threshold  for  complete  outer  shell  ion¬ 
ization. 

The  latter  one  can  be  extracted  from  Fig.  5(a).  In  Fig.  5(b),  we 
show  the  geometry  necessary  to  allow  95%  of  the  beam  to  prop¬ 
agate  undistorted  to  the  focus  for  the  focusing  parameters  of 
Fig.  1 .  This  will  occur  as  long  as  the  gas  interface  is  closer  to  the 
focus  than  is  the  vertical  line  at  the  intersection  of  the  95%  ray 
and  the  outershell  appearance  isointensity  contour.  The  inverse 
of  this  expression  is 


X  —  I  —  exp 


1 

2 


Iff. 


(10) 


Table  I  shows  the  percentage  of  the  light  that  would  interact  with 
a  flat  plasma  profile  for  the  gases  used  in  this  work  and  for  Ztu. 
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Fig.  5.  (a)  Ionization  stages  versus  intensity  for  H,  He,  Ne,  Ar  are  shown  in  for  30-fs,  O-S-jim  laser  pulse,  (b)  The  isointensity  curve  of  the  focused  laser  pulse 

(same  geometry  as  before)  is  shown,  where  it  ionizes  helium  the  second  time.  The  center  of  the  focus  is  located  at  the  right  end  of  the  figure.  It  also  shows  between 
95%  of  the  laser  energy  is  confined,  and  a  line  connects  the  intersection  of  these  curves. 

TABLE  I 

Percentage  of  the  Beam  Which  Remains  Undistorted  Using  the  Nonself-Consistent  Calculation  of 
Section  IV  for  Various  Gases  and  Two  Different  Gas  Ramp  Profiles 


GAS 

Appearance 

Intensity 

[wW] 

End  of  outer 
shell 

isointensity 
contour  [mm] 

X 

(Zth  =  4.5  mm) 

m 

X 

(zth  =  7.5  mm) 
[%] 

HYDROGEN 

2.71  X  10‘'‘ 

105 

100 

100 

HELIUM 

I.28x  10'*’ 

15 

91 

59 

ARGON 

3.43  X  10''’ 

9.0 

52 

6 

NEON  ^ 

2.31  X  10*’ 

2.7 

0 

0 

set  to  4.5  mm  [3  mm  for  the  length  of  the  entrance  ramp  plus 
1.5  mm  for  the  distance  to  the  vacuum  focus  in  uniform  gas 
density,  as  shown  in  Fig.  1(a)]  and  7.5  mm  [as  shown  in  Fig. 
1(b)]. 

Even  for  a  20.6-mm  ramp,  as  is  the  case  in  Fig.  1(c),  hydrogen 
still  produces  a  value  of  95%,  although  all  the  other  gases  have 
X  0  for  that  case.  It  is  interesting  to  note  that  although  helium 
takes  an  order  of  magnitude  of  more  intensity  to  be  singly  ion¬ 
ized  as  argon,  argon  distorts  the  beam  more  because  the  eighth 
electron  is  so  much  harder  to  ionize  in  argon  than  is  the  second 
in  helium.  Finally,  it  is  clear  that  for  all  the  geometries  consid¬ 
ered  here,  neon  always  presents  a  substantial  plasma  lens  to  the 
beam. 

It  should  be  stressed  that  the  fraction  of  energy  x,  which  is  to 
be  inside  the  given  isointensity  contour  to  provide  stable  pulse 
propagation,  is  dependent  on  the  plasma  density  (i.e.,  the  gas 
pressure)  and  the  pulse  power.  For  the  parameters  discussed 
above,  this  fraction  has  to  be  near  100%.  It  is  evident  that  the 
necessary  value  of  x  for  small  pulse  distortion  will  increase  with 
gas  pressure. 

In  practice,  we  cannot  experimentally  achieve  a  perfect 
gas/vacuum  interface.  We  need  to  then  calculate  the  defocusing 
effect  of  the  background  residual  gas,  which  permeates  the  ex¬ 
perimental  chamber  outside  of  the  gas  profile  considered  above 
because  plasma  begins  for  this  gas  at  the  isointensity  surface  of 
the  lowest  ionization  level.  A  conservative  upperbound  to  the 


tolerable  background  pressure  can  be  calculated  by  finding  the 
optical  path  length  difference  due  to  the  plasma  for  the  central 
ray.  We  can  assume  that  the  edge  of  the  beam  never  experiences 
the  plasma,  and  so  its  phase  (due  solely  to  the  plasma)  is  zero. 
This  is  conservative  because  it  is  clear  from  Fig.  5(b)  that  even 
the  95%  ray  experiences  the  plasma  and,  thus,  experiences 
some  additional  phase.  This  upperbound  phase  is  given  by 


A'l/j  = 


2k(^c 


^th 

n  — 


(11) 


where 

Up  plasma  frequency  for  the  singly  ionized  gas; 

c  speed  of  light; 

^th  appearance  intensity  of  the  jth  electron  in  the  outer 
shell; 

n  set  equal  to  the  number  of  electrons  ionized  at  Zth^ 

As  an  example,  for  the  focusing  geometry  of  Fig.  1 ,  the  phase  ac¬ 
cumulated  by  the  central  ray  due  to  the  plasma  leading  up  to  Zth 
is  3.7  times  the  background  pressure  in  ton*  if  the  gas  is  helium. 
In  order  to  ensure  that  there  is  minimal  distortion,  this  phase  dif¬ 
ference  should  be  much  less  than  pi,  and  thus,  the  background 
pressure  for  that  geometry  must  be  no  higher  than  10  mtorr. 
Recall,  however,  that  this  is  a  very  conservative  estimate,  and 
hence,  residual  background  pressures  approaching  1  ton*  might 
still  be  reasonable.  It  should  be  noted  also  that  in  our  analysis, 
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we  did  not  take  into  account  a  nonlinear  polarization  of  neutral 
gas  that  can  contribute  to  a  laser  pulse  focusing  (see,  e.g.,  [22]) 
when  the  fraction  of  ionized  atoms  is  small,  but  cannot  change 
substantially  the  discussed  regimes  when  the  laser  pulse  propa¬ 
gates  mainly  in  ionized  gases. 

V.  Conclusion 

We  have  investigated  the  regime  of  focusing  mildly  rela¬ 
tivistic,  ultrashort  laser  pulses  into  a  neutral  gas  medium.  We 
have  shown  that  in  order  to  achieve  the  peak  intensities  possible 
in  vacuum,  the  gas  medium  must  be  limited  longitudinally 
so  that  the  pulse  is  not  severely  distorted  (either  spatially  or 
temporally)  before  the  focus.  The  key  issues  are  the  intensity 
necessary  to  fully  strip  the  outershell  of  the  gas  and  the  location 
of  the  vacuum-gas  interface  in  relation  to  the  focus.  In  order 
to  have  a  smoothly  varying  spatial  and  temporal  profile  at  the 
focus  with  sufficient  intensities  to  drive  a  carefully  controlled 
Wakefield,  we  have  found  that  using  either  preionized  or  low-Z 
gas  is  imperative.  If  a  h\gh-Z  gas  is  used,  the  multiple  steps  in 
ionizing  the  outershell  significantly  distort  the  pulse  as  it  travels 
from  the  vacuum-gas  interface  to  the  focus.  We  have  presented 
and  discussed  both  self-consistent  numeric  calculations  and 
simple  scaling  rules  based  on  Gaussian  beam  propagation, 
which  show  both  the  benefits  of  low-Z  gas  targets  and  the 
inherent  distortions  present  with  heavier  gases. 
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Wakefield  Generation  by  Elliptically  Polarized 
Femtosecond  Laser  Pulse  in  Ionizing  Gases 

Nikolai  E.  Andreev,  Mikhail  V.  Chegotov,  and  M.  E.  Veisman 


Abstract — Wakefield  generation  by  a  femtosecond  laser  pulse  is 
described  in  the  frame  of  the  slowly  varying  amplitudes  approxi¬ 
mation.  The  amplitude  of  the  wakefield  Ap  is  studied  as  a  function 
of  laser  pulse  and  background  gas  parameters,  and  is  compared 
with  well-known  results  for  preformed,  completely  ionized  plasma 
Ap^i,  It  is  found  that  the  ionization  processes  can  increase  Ap  as 
compared  to  Ap^  i  at  comparatively  high  laser  peak  intensities.  It 
is  shown  that  the  increase  of  the  wakefleld  amplitude  due  to  gas 
ionization  is  more  pronounced  for  circularly  polarized  laser  pulses 
than  for  linearly  polarized  laser  pulses.  The  strongest  enhancement 
of  Ap  in  comparison  with  Ap^  i  takes  place  for  longer  laser  pulses 
with  a  duration  in  excess  of  the  plasma  wave  period  when  the  reso¬ 
nant  conditions  for  ponderomotive  excitation  of  the  wakefleld  are 
not  matched.  Thus,  ionization  processes  can  expand  the  region  of 
parameters  for  efficient  generation  of  the  laser  wakefields. 

Index  Terms — Ionization  processes,  laser  wakefield,  slowly 
varying  amplitudes  approximation. 


L  Introduction 

The  use  of  powerful  short-pulse  lasers  for  generation 
of  a  fast  intense  Langmuir  wave  in  rarefied  plasmas 
has  opened  new  possibilities  in  elaboration  of  the  compact 
ultra-high-gradient  laser-plasma  accelerators  of  charged  par¬ 
ticles  (see,  e.g.,  [1],  [2]  and  references  therein).  The  theory 
of  a  wake  plasma  wave  generation  by  intense  laser  pulse  in 
preionized  plasmas  was  worked  out  intensively  during  the  past 
decade  and  has  checked  out  experimentally.  At  the  present  time, 
however,  in  the  current  and  planed  experiments  on  laser-plasma 
acceleration,  it  is  assumed  that  the  laser  pulse  will  produce  a 
plasma  while  propagating  in  a  neutral  gas.  The  theory  of  laser 
pulse  propagation  and  plasma  wakefield  generation  in  an  ion¬ 
izing  gas  should  include  the  adequate  description  of  ionization 
kinetics  in  the  intense  laser  field  [3]-[6]  and  the  influence  of 
the  ionization  processes  to  the  plasma  waves’  excitation  in  a 
laser-produced  plasma  [7].  Propagation  of  intense  laser  pulses 
through  inhomogeneous  ionizing  gas  profiles  will  be  described 
elsewhere  [8]. 

In  the  present  paper,  we  have  analyzed  systematically  the  ef¬ 
ficiency  of  wakefield  generation  depending  on  the  gas  and  laser 
pulse  parameters.  Special  attention  has  been  concentrated  on 
the  dependence  of  wakefield  amplitude  on  the  polarization  of 
the  laser  pulse  in  the  conditions  when  ionization  processes  play 
an  important  role  in  the  wakefield  generation.  It  is  shown  that 
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the  increase  of  the  wakefield  amplitude  due  to  the  gas  ioniza¬ 
tion  is  more  pronounced  for  circularly  polarized  laser  pulses 
as  compared  to  the  linear  polarization  of  the  laser.  It  is  found, 
also,  that  ionization  front  (at  the  leading  front  of  the  laser  pulse) 
provides  the  detectable  wakefield  amplitude  (determined  by  the 
threshold  for  ionization  laser  intensity)  independent  of  the  rela¬ 
tion  between  the  laser  pulse  duration  and  plasma  wave  period. 
In  particular,  this  “ionization  wake”  can  fulfill  the  role  of  a  seed 
for  the  intense  wakefield  generation  by  a  self-modulation  of  the 
laser  pulse  [9]-[12]  in  ionizing  gas. 

The  paper  is  organized  as  follows.  In  Section  II,  we  introduce 
the  basic  equations  that  describe  the  slowly  varying  amplitude 
of  the  laser  field  and  the  plasma  wave  electric  field  in  the  pres¬ 
ence  of  tunneling  optical  field  ionization  (OFI)  processes.  On 
the  basis  of  the  laser-field  energy  conservation,  the  conditions 
of  smallness  of  the  laser-energy  losses  due  to  gas  ionization  are 
discussed.  In  Section  III,  one-dimensional  (1-D)  analytical  so¬ 
lutions  for  the  wakefield  generated  by  a  given  laser  pulse  in  an 
ionizing  gas  are  obtained  and  analyzed.  The  numerical  results 
of  wakefleld  generation  in  different  gases  are  discussed  in  Sec¬ 
tion  IV,  depending  on  the  laser-pulse  parameters.  A  conclusion 
is  presented  in  Section  V. 

II.  Basic  Equations 

We  describe  the  wakefield  generation  in  terms  of  slowly 
varying  amplitudes  approximation,  which  implies  that  the  laser 
pulse  duration  is  in  excess  of  a  few  optical  cycles.  The  validity 
of  such  approximation  is  also  a  consequence  of  the  fact  that  the 
ionization  of  comparatively  light  atoms  occurs  at  nonrelativistic 
intensities  [5],  [6].  Besides,  here  we  restrict  our  consideration 
to  a  I-D  approximation  of  the  problem,  which  is  justified  if  a 
wide  laser  pulse  propagates  over  the  distance  smaller  than  its 
Rayleigh  length,  or  diffraction  effects  are  suppressed  (see,  e.g., 
[1]). 

For  transversal  (laser)  field  E/,  we  take  into  account  the  only 
first  harmonic  of  laser  frequency  cjq 

E/  -  I  {E:r^x  +  EyBy)  exp  {t  -  zjc)]  -|-  c.c. 

Longitudinal  (plasma)  electric  field  Ez  is  described  up  to  the 
second-order  accuracy  with  respect  to  the  relativistic  parameter 
e\Ei\/{mujQc)  and  with  regard  to  the  zero  and  second  harmonics 
of  a;o 

Ez  [z,  t)  =  Ep  (z,  t) 

+  \  {Ep2  (z,  t)  exp[-2/u)o(<  -  z/c)]  +  c.c.} . 
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The  source  of  free  electrons  F  (total  ionization  rate)  consists 
of  ionization  rates  of  ions  with  any  ionization  degree  k  from 
zero  (neutral)  to  Z  —  1  (H — ^like  atomic  rest):  F  = 

[5]-[7],  It  is  also  expanded  into  the  laser  frequency  harmonics 


r(2,  t)  =ro{^,  t) 

+  i{r2  (z,  t)  exp[-2za>o{i  -  ^/c)]+c.c.}+  .... 

Harmonics  of  F  originate  from  the  strong  nonlinear  dependence 
of  optic  field  tunneling  ionization  probability  [3]  of  any  ion 
(neutral)  on  the  laser  field  E/. 

With  the  help  of  hydrodynamic  equations  obtained  in  [5],  [7] 
from  kinetic  description  of  plasma  electrons  in  the  presence  of 
OFI  processes,  we  derive  the  equation  for  slowly  varying  am¬ 
plitude  of  transversal  (laser)  electric  field 


—2uJr] 


Uk 


^  ^  0  _i_ 

n.  mr^ 


Uc  mc^ 


and  slowly  varying  plasma  wave  electric  field 


d‘^ap  2  _  f  c 


+2ReUa*) 


|2  To 

TZq^^P 

r2  ' 


a  c(^Ex^x  EyGy^ I (^ttkjJqc^ , 

ap  eEz/{mftpc); 

(jjp  ATre^no/m; 

no 

(47reVmc)X;''~ro(^)a!C; 
kp  (jjp  f  c, 

Uc  ma;o^/(47re^)electron  critical 

density; 

m(e)  electron  mass  (charge); 

^  =  z  ~  ct  and  r  —  t  coordinates  in  the  comoving 

frame. 

The  electron  density  perturbation  rie  —  no  driven  by  the  laser 
pulse  can  be  expressed  (in  a  1-D  approximation  that  is  valid 
for  laser  spot  sizes,  and  so  for  transverse  scales  of  the  wake, 
in  excess  of  plasma  wavelength  27: /kp)  through  the  longitu¬ 
dinal  electric  field  of  the  wake  as  follows:  (ng  -  no)/nc  — 
(Opc/a;o^)  •  {dap/d^)  (compare  [8]).  It  might  be  wise  to  point 
out  that  in  the  present  paper,  (2)  is  derived  on  the  basis  of  kinetic 
description  of  the  gas  ionization.  This  equation,  completed  by 
(1)  for  the  laser-pulse  envelope  a  and  equations  forno,  Fq,  and 
^2  [4],  [6],  [7]  describes  the  wakefield  generation  in  the  pres¬ 
ence  of  OFI  self-consistently,  in  contrast  to  phenomenological 
approaches  [13],  [14]. 


From  (1),  the  following  energy  conservation  relation  is  de¬ 
rived: 


where  an  integration  is  carried  out  over  longitudinal  coordinate 
^  and  also  over  cross  section  transversal  to  the  laser-pulse  prop¬ 
agation  direction  (r_L).  The  first  term  in  (3)  describes  laser- 
pulse  energy  losses  due  to  plasma-wave  generation  [15],  the 
second  term  originates  from  the  losses  to  residual  electron  en¬ 
ergy  (REE)  [16],  and  the  third  one  is  responsible  for  ioniza¬ 
tion  energy  losses  that  are  proportional  to  the  respective  ion¬ 
ization  potentials  [4],  [17].  In  addition,  the  second  term  in  the 
right-hand  side  of  (1)  changes  polarization  of  the  laser  pulse  if 
the  latter  one  was  not  linearly  polarized  at  the  entrance  of  the 
gas.  Relative  influence  of  this  term  on  the  laser  polarization  is 
of  the  same  order  as  the  relative  changes  in  the  laser  pulse  en¬ 
ergy  originated  from  the  REE  losses.  Note  that  relation  (3)  is 
valid  also  in  the  general  case  of  3-D  laser-pulse  propagation. 

In  accordance  with  [7]  and  [17],  the  nonadiabatic  laser-pulse 
energy  losses  to  REE  [5],  [6]  and  ionization  are  determined 
mostly  by  the  gas  density,  laser-pulse  path  in  the  gas,  and  ion¬ 
ization  potentials.  For  example,  a  10-cm  laser-pulse  path  in  hy¬ 
drogen  with  atomic  density  Nat  =  10^^  cm“^  at  Gaussian 
laser-pulse  peak  intensity  /q  =  5  •  10^^  W/cm^,  wavelength 
A  ==  0.8  jum,  and  laser  pulse  duration  Timp  ~  100  fs  leads 
to  about  1%  laser-pulse  energy  depletion  because  of  the  REE 
and  ionization  losses  [7].  Besides,  we  neglect  energy  losses  to 
the  wakefield  generation  at  comparatively  low  electron  densi¬ 
ties  (Ue  <  10^^  cm“^)  and  nonrelativistic  laser  intensities. 

Neglecting  such  losses  of  the  laser  energy  enables  us  to  use 
stationary  laser-pulse  propagation  approximation.  We  represent 
an  electric  field  in  elliptically  polarized  laser  pulse  in  the  fol¬ 
lowing  form: 


E 


1  m) 


{ex  -f  if]  By)  exp  [iuo^/c  H-  iip]  H-  c.c. 


where  is  the  degree  of  ellipticity  and  rj  =  0{r]  =  1)  corre¬ 
sponds  to  the  linear  (circular)  polarization  of  the  laser  field.  By 
a  pertinent  choice  of  a  phase  (p,  we  make  an  amplitude  Ei  a  real 
function  of  which  obeys  the  following  relation  with  laser-ir¬ 
radiation  intensity:  Ii  =  {c/87r)Ei^. 

It  should  be  noted  that  the  source  F  in  the  general  case  of  an 
arbitrary  ellipticity  77  contains  an  infinite  number  of  laser-fre¬ 
quency  harmonics,  which  decrease  not  so  fast  with  their  order. 
The  reason  is  the  above-mentioned  strong  nonlinear  dependence 
of  F  on  a  modulus  of  the  oscillating  laser  electric  field.  The 
only  case  of  harmonic  absence  occurs  at  77  =  1  (circular  po¬ 
larization).  An  example  of  ionization  rate  temporal  behavior  is 
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Fig.  1.  Ionization  rate  r(t)  normalized  on  the  product  u.'nA',/  of  the  la.ser 
frequency  Uo  and  initial  atomic  density  N„ ,  for  hydrogen  pumped  by  Gaussian 
laser  pulse  with  =  30  fs,  A  =  0.8  /mi,  Iq  =  10^^  W/cin'^,  for 
different  degree  of  ellipticity  //:  //  =  0 — solid  curve,  //  =  0.8 — dashed  curve. 
1}  =  1 — dotted  curve.  Fat  curve  is  the  corresponding  temporal  evolution  of 
Ei(i)l {E„i,v,  =  5.142 -lO'^  V/cm  is  the  atomic  field).  Time  is  counted 
from  the  moment  of  laser  peak  intensity. 

shown  in  Fig.  1  for  different  degrees  of  ellipticity  Equation 
(2)  contains  the  zero  and  second  harmonics  of  F  only  as  a  re¬ 
sult  of  expansion  up  to  the  second  order  of  ai  =  eE;/(ma;oc). 
Apropos  the  strong  localization  of  the  ionization  process  on  the 
laser-pulse  temporal  profile  (see  Fig.  1)  enables  to  treat  ioniza¬ 
tion  as  a  threshold  process  with  corresponding  threshold  inten¬ 
sity  Ith- 

Equation  (2)  differs  from  the  equation  for  ap  in  [7]  by  the  el¬ 
lipticity  parameter  rj.  This  parameter  strongly  influences  the  re¬ 
lation  between  harmonics  Fq  and  F2  of  ionization  rate.  Further, 
it  is  convenient  to  express  F2  through  the  value  //,  =  F2/(2Fo). 
It  can  be  shown  that  if  the  polarization  is  close  to  linear  one 
(3Q;fc/[l  -  rf]  <  1),  then 

x; {1  + 1  [m,_,  -  f  -  i  (1  -  vT']  (o} 

^  fc=i _ 

{1  +  1  [m,_i  -  f  +  i  (1  -  v^r']  a,  (^)} 

k=l 

1  -  >  Srcfc.  (4) 


Her&Eat.u.  =  5.142-10°  V/cm.Mt  =  (fc+l) yt/iz/G-, G-  is 
the  ionization  potential  of  ions  of  an  ionization  degree  and  A"/, 
is  the  corresponding  ion  density  {Uh  =  13. GOG  eV  is  the  ioniza- 
tion  potential  of  hydrogen),  at  (0  =  [Uh E„,„, 

is  a  small  parameter  in  the  region  of  ^  where  substan¬ 

tial  ionization  takes  place  (see  Fig.  1 ).  As  a  result  /7(^)  is  weakly 
dependent  on  In  particular  case  of  linear  polarization  the  value 
of  /A  for  different  gases  varies  in  the  interval  (0.7;  1);  for  hy¬ 


drogen  fi  ^  0.8.  In  the  opposite  case  of  polarization,  close  to 
circular  one 

[a,-'(0+|-Mt-,]  (]-r,2) 

- - 

^  {4  -  2  [a-i  (0  +  I  -  Mt_i]  (1  -  r,2)} 

1  -  (5) 

In  fact,  the  exact  value  of  //,  in  this  case  is  not  important  since 

<C  1  and  second  as  well  as  other  higher  harmonics  of  ioniza¬ 
tion  source  F  have  no  substantial  influence  on  the  plasma  wake- 
field  amplitude.  As  mentioned  above,  in  the  case  of  circular  po¬ 
larization  (r/  =  1),  all  higher  harmonics  of  the  ionization  source 
are  absent  and  //.  =  0. 

III.  Analytic  Solutions 

The  general  solution  to  (2)  behind  the  la.ser  pulse  has  a  form 
of  harmonic  oscillations 

Op  (0  =  A,,  cos  {k,,i  +  '(/■’) 

where  kp  i'lp/c  is  the  wave  vector  and  'll)  is  the  phase  of 
the  generated  plasma  wave.  Further  with  the  help  of  (2),  we  are 
going  to  obtain  simple  analytic  formulas  to  analyze  an  influence 
of  laser-field  ellipticity  and  pulse  duration  on  the  wakefield  am¬ 
plitude  Ap,  The  simple  analytical  solution  to  (2)  can  be  easy 
obtained,  if  one  takes  into  consideration  the  fact  that  ionization 
rate  F  is  strongly  localized  in  time  with  duration  ,  which 
is  much  less  than  both  of  the  laser  pulse  duration  and  the 
plasma  wave  period  2'n:/Qp  (see  Fig.  1  and  [5]"[7]).  In  view 
of  this  fact,  we  approximate  the  profile  of  an  electron  density 
no(0  in  the  form  no(0  =  N,„  ~  where  is 

the  coordinate  of  the  A:th  ionization  front  and  >^rnax  is  the  integer 
number  equal  to  the  largest  possible  number  of  ionized  electron 
levels  at  given  laser-radiation  parameters.  In  the  general  ca.se 
of  multielectron  atoms  (when  is  l^irgc),  the  solution  has  a 
comparatively  complicated  form;  therefore,  we  reproduce  it  for 
hydrogen  (Z,„ax  =  1)  only 

Op  =  -  5  "f  (^1 )  (^1 )  sin  [k,,  {(.i  -  0]  +  |  /  af  {£,') 

■h,-o 

•co.s[A:,,(^-r)]Avrf^'  +  f  -0) 

■  sin  [k„  (6  -  0] ,  Gr  (0  =  1  -  ^ 

(6) 

where  a./  =  (iEi/{7nujQr),  is  the  point  of  a  maximum  of  ion¬ 
ization  rate  Fq,  ^r(0  i^  “ionization”  source  of  the  wake- 
field;  the  second  and  the  third  terms  in  a  right-hand  side  of  (4) 
represent  the  “ponderomotive”  source  of  the  wakefield.  Coeffi¬ 
cient  2?  =  0  if  the  laser  pulse  propagates  through  the  preion¬ 
ized  plasma  [with  —  cx)  and  a/(^i)  =  ()];  B  =  1  if  the  gas 
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is  ionized  by  the  laser  pulse  with  smooth  forward  front  and  its 
spatial  scale  L /  considerably  exceeds  the  ionization  front  width 
Lion  ~  ^'^ion  • 

Equation  (6)  is  convenient  for  analytical  exploration  of  the 
influence  of  ionization  processes  at  the  forward  front  of  a  laser 
pulse  on  the  wakefield  generation  in  the  ionizing  gas.  Let  us 
first  consider  the  approximation  of  a  nearly  rectangular  pulse 
with  envelope  Ei(i)  ^  Eq  for  |^|  <  Limp/2  assuming  its 
duration  Limp  to  be  much  larger  than  the  leading  front  (Limp  > 
L/;  but  L/  >  Lion)’  For  the  rectangular  pulse  propagating 
through  the  homogeneous  preionized  plasma,  the  second  term 
in  (6)  at  ^  <  -Limp  12  yields  a  well-known  result  [15]  Up  = 
-(l/2)a^cos[/^p^]sin[A;pLi,np/2],  where  ao  =  eE^^ / (rnu^c) . 
In  this  case,  the  wakefield  amplitude  is  maximum  at  kpLimp  — 
^(1  +  2n),  where  n  is  an  integer  and  is  equal  to  (1/2) a§.  In 
the  case  when  a  rectangular  laser  pulse  ionizes  gas  during  its 
propagation,  (6)  gives  the  following  value  of  the  wakefield  at 

^  Limp I2. 

a?  (0  =  -  y  C'  cos  [kpi  +  V>]  (7) 

where 

C  [Cl  -  Cl  cos[kpLimp]  +  1/4]^/^; 

Cl  (ai/ao)2(Gr  -  1/2)  +  1/2; 

ai  =  ^i); 

ijj  arccos{(Ci  +  l/2)sm[kpLijnp/2]/C}. 

According  to  (7),  the  wakefield  amplitude  Ap  is  maximum 
under  the  same  condition  kpLi^p  =  7r(l  +  2n)  and  equal  to 

^P.max  =  {a^/2)  [l  +  (ai/aof  (Gr  -  1/2)]  (8) 

the  phase  -0  =  0  in  this  case. 

It  follows  from  (6),  and  (4)  and  (5)  for  /x(^)  that  Gr  in¬ 
creases  with  rj:  Gr  ^  0.6  for  linear  polarization  (rj  =  0); 
Gr  ==  1  for  circular  polarization  (r]  =  1)  of  the  laser  pulse. 
Besides,  the  highest  magnitude  of  the  relative  value  Ap/ao"^ 
will  be  achieved  at  laser  pulse  peak  intensity  Iq  close  to  ion¬ 
ization  threshold  intensity  Ith-  At  such  conditions,  ai  ^  ao-  In 
this  case,  (8)  leads  to  (Ap/aDm^,^  =  1/4  +  Gr/2,  which  is 
FdO.55  for  linear  and  «0.75  for  circular  polarization.  Thus,  the 
maximum  relative  wakefield  amplitude  exceeds  (Ap/ao)max 
for  preliminary  totally  ionized  plasma  by  10%  for  linear  polar¬ 
ization  and  by  50%  for  circular  polarization  of  laser  radiation 
at  Iq  ^  Ith-  The  minimum  relative  wakefield  amplitude  is  at¬ 
tained  at  kpLimp  =  27rn,  n  =  1,  2,  . . .  and,  according  to  (7), 
equals  (Ap/ag)mi„  =  (a?/a^)(Gr/2  + 1/4)  -  1/2.  This  value 
is  not  equal  to  zero  in  contrast  to  the  case  of  preionized  plasma, 
when  Ap,  min  =  0.  Notice  also,  that  according  to  (8),  the  contri¬ 
bution  of  ponderomotive  force  into  the  wakefield  generation  in 
the  case  ai  ao  is  half  of  that  in  the  case  of  preionized  gas. 

If  the  peak  intensity  Iq  substantially  exceeds  the  threshold 
intensity  Lh,  then  the  ionization  rate  Fq  reaches  its  maximum 
at  an  electric  field  strength  much  less  than  Eo\  thus,  ai  <  uq. 
As  a  result,  the  wakefield  amplitude  and  phase,  in  accordance 
with  (8)  and  (7),  will  be  close  to  the  same  as  in  the  case  of 
preionized  plasma,  if  the  laser  pulse  length  Limp  7^  27rn/fcp.  If 
Limp  —  27:71 /kp,  then  the  amplitude  of  the  wakefield  remains 
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Fig.  2.  Normalized  amplitude  of  a  plasma  wakefield  behind  the  laser 

pulse  propagating  in  hydrogen  as  a  function  of  the  dimensionless  full  width 
at  half  of  maximum  intensity  kpLimp  for  circularly  polarized  hyper-Gaussian 
laser  pulse =  7o  exp[-- In  2(2GFimp)^^]  with  A  —  0.8  ^m,  Ti^p  = 
100  fs,  7o  =  3  •  10^^  W/cm^  (solid  line).  Dash-dotted  line  shows  analytical 
results  obtained  by  (7),  dotted  line  shows  the  theoretical  curve  Ap/a^  =  (1  /  2)  • 
I  sm{kpLimp/2)  \  for  rectangular  laser  pulse  in  preionized  plasma. 


nonzero  in  ionizing  gas  in  contrast  to  zero  value  in  the  case  of 
preionized  plasma. 

The  example  of  the  wakefield  generation  by  a  step-like  hyper- 
Gaussian  circularly  polarized  laser  pulse  with  an  envelope  Ii  = 
Joexp[-ln2(2^/I/imp)^^]  is  shown  in  Fig.  2.  In  this  figure, 
the  solid  line  shows  results  obtained  by  means  of  (2),  the  dash- 
dotted  line  depicts  calculations  according  to  (7),  and  the  dotted 
line  shows  Ap/ao^  ~  0,b\sm[kpLimp/2]\.  One  can  see  that 
the  above  analytical  results  are  in  reasonable  agreement  with 
more  precise  direct  numerical  solution  of  (2)  [in  fact,  they  differ 
mainly  by  some  displacement  along  kpLimp  axis]. 

The  analogs’  results  can  be  obtained  for  Gaussian  laser  pulse 
with  envelope  a^(^)  =  —  Limp  /  V^2  In  2 

(here.  Limp  is  the  full  width  at  half  of  maximum  intensity).  In 
this  case,  (6)  can  be  transformed  to 


where  Gp  =  {^/t: l2\/2)kpCr^  exp(-A;pCr|/8). 

Let’s  consider  two  limiting  cases  of  this  formula. 

1)  If  Jo  ^  Ith^  then  the  ionization  occurs  at  the  laser  pulse 
leading  front  far  from  its  peak  intensity.  In  this  case  there 
are  two  possibilities: 

a)  The  laser  pulse  width  is  about  the  plasma  wave¬ 
length  (the  near-resonant  region),  so  as  «  2 
and  the  inequality  kpG^  <  4^i/(7^  holds.  Setting 
^  oo  for  this  case  and  omitting  first  two  terms 
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Fig.  3.  calculated  by  (2)  as  a  function  of  for  Gaussian  pulse 

h  =  /oOxp[-lu2(2^/L„„J^l,  A  =  0.8  //m,  Jo  =  10''  W/cm^  = 
100  fs,  the  gas  is  hydrogen.  Solid  curve  is  plotted  for  linear  and  ■■■  •  for  circular 
polarization  in  the  presence  of  ionization.  Dotted  curve  is  plotted  for  prcionizcd 
gas. 


in  (9),  we  obtain  the  same  wakefield  as  in  the  case 
of  preliminary  completely  ionized  plasma  [15] 


oAO=-^G, 


+  k.c 


which  amplitude  Aj,  at  is  equal  to  Ap  = 

0.5  ao^Gp.  This  amplitude  reaches  its  maximum  at 
kpG^  —  2  (i.e.,  kpLjy^^p  ^  2.35)  and  is  equal  to  the 
conventional  value  Ap^j  =  y7r/[8oxp(l)]  rig 
0.38  ag  at  resonance  [15]  (see  Fig.  3). 
b)  The  laser  pulse  width  is  far  from  resonant 
one  (kpG^  >  1  that  implies  comparatively 
long  laser  pulse),  so  that  the  inverse  inequality 
^  kpG^fi  holds.  Notice  that  this  is  the 
region  of  the  pulse  duration  where  the  self-modu¬ 
lation  can  take  place  [9]-[12].  In  this  case,  the  last 
term  in  (9)  can  be  omitted  in  comparison  with  the 
first  terms  and  one  has 

iO  =  -y  _  0  5]  [k„  (e,  -  0] 

=  -^[Gr-0.5]sii,[A:y6-O]-  (10) 


=  2 


Though  the  value  Ap  =  0.5(G'r  -  0.5)r7j  — 
0.5(Gr  -  /Ii))al  in  this  case  is  not  large, 

as  compared  to  Ap^  i  in  resonant  conditions,  the  am¬ 
plitude  Ap  can  exceed  the  corresponding  value  in 
the  preionized  plasma  Ap^  /  by  orders  of  magnitude 
for  long  enough  pulses  (kpG^  >  1) 

Gr  ~  0.5  Ifjf  f  kpG^ 


2  Gr  -  0.5 

kpG^ 


■  exp 


h,pa^ 


>  1. 


This  circumstance  is  demonstrated  in  Fig.  3  by 
the  tail  of  Ap  in  the  limit  kpLi,,,p  >  1.  In  con¬ 
trast  to  Aj,,  which  remains  practically  constant,  an 
amplitude  of  the  wakefield  in  preionized  plasma 
Ap^ ;  tends  to  zero  exponentially  fast  with  increase 
of  the  laser  pulse  duration  (see  Fig.  3).  Just  the 
value  Ap  can  fulfill  the  role  of  a  seed  for  the  in¬ 
tense  wakefield  generation  by  self-modulation  of 
the  laser  pulse  [9]-[  1 2]  in  ionizing  gas. 

2)  In  another  limiting  case,  when  /g  ///,,  only  half  of 
the  laser  pulse  after  the  peak  intensity  influences  created 
plasma.  Setting  ^  0  and  considering  the  wakefield 
behind  the  laser  pulse  (at  ^  -<t^)  we  obtain  in  this 

case  from  (9),  that 

+  (2Gr  -  G„)2 


Gp  ~1  ~  y/ir 


csin|GyyG2  +  (2Gr-G„ 


2s/2 
•  («p  ( — 


f 

Jo 


(11) 


Similar  to  the  case  of  rectangular  pulse,  the  contribu¬ 
tion  of  ponderomotive  force,  according  to  the  last  for¬ 
mula,  is  halt  of  that  for  preionized  gas.  The  dependence 
of  the  wakefield  amplitude  calculated  by  (1 1)  is  shown 
in  Fig.  4(a)  by  dashed  line  for  linear  polarization  (with 
Gr  ~  0.6)  and  dash-dotted  line  for  circular  polarization 

(Gr  =  1).  Owingtothefactor(7p,thccurveyl^,(A;;,/y/nj7;) 

is  broadened  and  its  maximum  is  displaced  onto  the  right 
along  the  kpLit^^p  axis,  as  compared  to  the  case  of  preion¬ 
ized  plasma  (from  kpLi,,,p  ^  2.35  to  kpL.},up  ^  d).  In 
the  case  of  linearly  polarized  laser  pulse,  the  maximum 
value  of  the  wakefield  amplitude,  calculated  by  (II),  is 
^5%  below,  and  is  ;=:^45%  above  the  maximum  wake  am¬ 
plitude  in  preionized  gas  in  the  case  of  circularly  polar¬ 
ized  laser  field.  In  the  region  that  is  far  from  resonance 
one,  the  contribution  of  ponderomotive  forces  is  negli¬ 
gible  but  the  “ionization  term”  Gy  ensures  considerable 
amplitude  of  the  wakefield  (?5:i0.3ag  and  ().5r7o  for  linear 
and  circular  polarization  respectively),  comparable  with 
that  in  the  resonant  region. 


IV.  Numerical  Results 

More  precise  calculations  with  the  help  of  (2),  completed  by 
the  equations  of  ionization  kinetics  [4],  [6],  [7],  [solid  and—* — 
curves  on  Fig.  4(a)]  qualitatively  agree  with  the  above  conclu¬ 
sions,  but  give  rise  to  the  faster  decrease  of  Ap{kpTji^^^p)  at  large 
kpLhnp^  if  compared  to  that  following  from  (11).  This  discrep¬ 
ancy  is  connected  with  ^-function  approximation  of  the  ioniza¬ 
tion  front  adopted  in  (6)  [and,  consequently,  in  (11)]:  the  width 
of  ionization  front  increases  when  /g  approaches  the  threshold 
intensity  4/,  and  becomes  comparable  with  the  laser  pulse  width 
at  Jg  ~  If}, . 

The  calculations  according  to  (2)  also  have  shown  that  the 
largest  amplitude  of  the  wakefield  normalized  on  rig  is  reached 
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Fig.  4.  as  a  function  of  kpLimp  in  hydrogen  for  Gaussian  pulse  Ii  = 

lo  exp[-  In  2(2ULimpri  A  =  0.8  fim.  (a)  Jo  ==  1.5  •  lO^^  w/cm^,  N^t  = 
2.5  •  10“'^  •  Tic  ~  2.8  •  10^'^  cm“^,  ionization  is  not  complete  {ndNat  « 
0.4):  solid  curve  is  plotted  for  linear  and  — for  circular  polarization  by  (2). 
Dashed  (dash-dotted)  curve  is  plotted  for  calculations  according  to  (1 1)  at  linear 
(circular)  polarization.  Dotted  curve  on  both  (a)  and  (b)  is  plotted  for  preionized 
gas;  (b)  /o  =  5  •  10^^  W/cm^,  N^t  =  lO"^  •  1.12  -  10^'’  cm-^:  solid 

curve  is  plotted  for  linear  and  — • —  for  circular  polarization  in  the  presence  of 
ionization  by  (2). 

at  laser  pulse  peak  intensities,  which  are  1 .5  to  three  times  higher 
than  the  threshold  for  ionization  one  [compare  Fig.  4(a)  and 
(b),  see,  also,  Figs.  5-7].  Besides,  at  such  intensities,  the  dis¬ 
placement  of  the  maximum  of  the  curve  Ap{kpLiynp)  along  the 
kpLimp  axis  is  less  pronounced,  and  the  width  of  this  curve  is 
narrower,  if  compared  to  the  case  of  Iq  =  Ith- 

In  order  to  explore  the  Ap  dependence  on  Iq  in  more  detail, 
the  graphics  of  Ap{Io),  calculated  by  means  of  (2),  were  plotted 
for  various  gases  for  linear  [Fig.  5(a)]  and  circular  [Fig.  6(a)] 
polarization  of  the  laser  pulse.  The  laser  pulse  width  Timp  was 
fixed  and  equal  to  Timp  -  32  fs,  and  the  gas  pressure  was  chosen 
so  as  to  fulfill  the  resonant  condition  (kpLimp  =  const  =  2.4, 
where  kp  =  ftp/c,  that  corresponds  to  ng/ric  =  const  = 
10"^  behind  the  pulse).  The  corresponding  values  of  Nat/ric 
are  shown  in  Figs.  5(b)  and  6(b).  They  illustrate  the  above  con¬ 
clusions  about  the  dependence  of  Ap  on  Iq:  Ap  reaches  the 


(a) 


10'^  10’*  10’*  10’^  10’* 


(W/cm^) 

Fig.  5.  (a)  Apjal  as  a  function  of  Jo  for  various  gases.  The  laser  pulse  has 
Gaussian  envelope  and  linear  polarization,  A  =  0.8  ^m,  Ti^p  =  32  fs; 
kpLimp  =  const  =  2.4  (which  corresponds  to  We/wc  =  const  =  10“^ 
behind  the  pulse),  (b)  Nat/Tic  as  a  function  of  Jo  for  various  gases,  which  gives 
ndric  =  const  =  10”^  at  chosen  Jq. 

maximum  at  some  peak  intensity  lo  >  I th  ^  then  it  decreases  up 
to  the  value  that  is  maximum  in  the  case  of  preionized  plasma 
(remember,  kpLimp  is  in  the  resonant  region).  The  peaks  of 
the  curve  Ap{Io)  are  connected  with  successive  ionization 
of  the  next  electron  levels.  In  accordance  with  the  theory 
described  above,  the  values  of  the  first  peaks  are  10%  larger  for 
linear  and  50%  larger  for  circular  polarization  than  the  value 
Ap^i  «  0.38oq  for  preionized  plasma.  The  next  peaks  have 
smaller  values  than  the  first  one,  but  they  still  exceed  the  value 
Ap^i  [see  Figs.  5(a)  and  6(a)]. 

In  conclusion,  we  represent  the  example  of  dependence  of  Ap 
on  both  parameters  Jq  and  kpLimp .  Fig.  7(a)  shows  the  results  of 
the  calculation  of  Ap(/o,  kpLimp)  carried  out  by  means  of  (2) 
for  neon;  A  =  0.8  /xm,  Timp  -  100  fs.  The  gas  densities  were 
chosen  so  as  to  maintain  the  given  values  of  kpLimp  [see  Fig. 
7(b)].  One  can  conclude  that  the  optical  ionization  processes  in 
a  gas  can  considerably  enlarge  the  region  of  parameters,  corre¬ 
sponding  to  effective  generation  of  the  plasma  wakefield  [com¬ 
pare  solid  and  dashed  lines  of  constant  levels  in  Fig.  7(a)]. 
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/,  {Wtcrrf) 

Fig.  6.  The  same  data  as  in  Fig.  5,  but  for  circularly  polarized  laser  pulse.  All 
other  parameters  are  the  same  as  in  Fig.  5. 

V.  Conclusion 

Wakefield  generation  by  femtosecond  laser  pulse  is  described 
in  the  frame  of  slowly  varying  amplitudes  approximation.  Am¬ 
plitude  of  the  Wakefield  Ap  is  studied  as  a  function  of  laser 
pulse  and  background  gas  parameters.  We  compare  Ap  with 
well-known  results  for  preliminary  created  completely  ionized 
plasma  Ap^i  (see,  e.g,,  [1],  [2],  [15]).  It  is  found  that  ioniza¬ 
tion  processes  increase  Ap  in  comparison  with  Ap^i  at  relatively 
high  laser  peak  intensities  (when  Iq  is  of  the  order  of  ionization 
threshold  intensity  Besides,  the  enhancement  of  Ap  due  to 
gas  ionization  is  more  pronounced  for  circularly  polarized  laser 
pulses  than  for  linear  polarization  of  the  laser  radiation.  This 
difference  originates  from  the  partial  compensation  of  “ioniza¬ 
tion”  source  by  higher  harmonics  of  electron  production  rate  for 
linear  polarization  [see  (2),  (4),  (6)],  which  reflects  the  fact  that 
electron  density  increase  due  to  ionization  in  the  linear  polar¬ 
ized  laser  pulse  takes  place  mainly  at  the  moments  when  the 
laser  field  is  maximum,  and  so  the  velocity  of  free  electron  os¬ 
cillations  is  close  to  zero  (in  contrast  to  the  circular  polarization, 
when  ionization  rate  does  not  depend  on  the  phase  of  the  laser 
pulse). 


2  4  6  8  10  12 


(b)  NJn^ 


4  6  8  10  12 


Fig.  7.  (a)  Dependence  of  A^Jal  on  both  and  /q  for  circularly 

polarized  laser  pulse  with  A  =  0.8  //m  and  =  100  fs.  Gas  is  neon. 
Dashed  straight  lines  show  the  contours  of  constant  values  for  the 

case  of  preliminary  completely  ionized  gas.  (b)  /q) 

corresponding  to  Fig.  7(a)  to  maintain  the  given  values  of  kpLiy^p. 

The  strongest  increase  of  Ap  as  compared  to  Ap^  i  takes  place 
if  the  resonant  conditions  for  ponderomotive  excitation  of  wake- 
field  are  not  matched.  The  wakefield  amplitude  Ap  determined 
by  the  ionization  threshold  intensity  Ifu  [see  (10)  and  Figs. 
3,  4,  and  7]  remains  practically  constant  independent  on  the 
laser  pulse  duration  while  Ap^  j  decreases  to  zero  exponentially 
fast  for  longer  laser  pulses  with  displacement  from  the  reso¬ 
nance.  From  a  practical  point  of  view,  it  means  that  the  ioniza¬ 
tion  can  essentially  expand  the  region  of  parameters  where  the 
laser  pulse  generates  the  wakefield  effectively. 
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On  the  Effect  of  Long-Wavelength  Electron  Plasma 
Waves  on  Large- Angle  Stimulated  Raman  Scattering 
of  Short  Laser  Pulse  in  Plasmas 

Nikolai  E.  Andreev  and  Serguei  Yu.  Kalmykov 


Abstract — Spectral  features  of  a  large-angle  stimulated  Raman 
scattering  (LA  SRS)  of  a  short  electromagnetic  pulse  in  an  under- 
dense  plasma,  which  are  caused  by  the  presence  in  a  plasma  of  a 
given  linear  long-wavelength  electron  plasma  wave  (LW  EPW),  are 
investigated.  It  is  shown  that  the  LW  EPW,  whose  phase  velocity  co¬ 
incides  with  a  group  velocity  of  a  pulse  and  a  density  perturbation 
normalized  to  a  background  electron  density  ^ulw  /tio  exceeds 
the  ratio  of  the  electron  plasma  frequency  to  the  laser  frequency 
^pe/^o,  suppresses  the  well-known  Stokes  branch  of  the  weakly 
coupled  LA  SRS.  Under  the  same  condition,  the  anti-Stokes  band 
appears  in  the  spectrum  of  the  scattered  radiation.  Variation  of  a 
scattering  angle  and  an  electron  temperature  do  not  significantly 
modify  qualitative  features  of  the  effect.  In  the  case  of  strongly  cou¬ 
pled  LA  SRS,  the  maximum  of  the  increment  is  decreased  by  nearly 
one-half  for  ^riLw/^^o  ~  (aou;pe/a?o)^^^  ^  cjpe /^o ,  where  ao 

is  an  amplitude  of  an  electron  quiver  velocity  in  the  laser  field  nor¬ 
malized  to  a  speed  of  light  c,  and  it  decreases  further  with  an  in¬ 
crease  in  plasma  density  perturbation  in  LW  EPW. 

1.  Introduction 

An  intense  laser  radiation  in  a  rarefied  plasma 
[c^o  ^  where  cjq  is  a  laser  frequency  and 

=  (47re^no/mf.)^/^  is  an  electron  plasma  frequency 

corresponding  to  the  background  electron  density  no]  is  subject 
to  parametric  instabilities  [1]  in  which  both  electrostatic  and 
electromagnetic  (EM)  waves  are  excited  [2]-[4],  [31].  The 
incident  EM  wave  (pump  wave)  can  be  scattered  by  spon¬ 
taneous  fluctuations  of  an  electron  density  that,  in  turn,  can 
be  amplified  by  the  ponderomotive  force  on  beating  of  the 
pump  and  scattered  EM  waves.  Provided  that  certain  phase 
matching  conditions  are  fulfilled,  the  feedback  loop  appears, 
and  either  temporal  or  spatial  instability  develops  (see,  for 
example,  [4]  and  [31]).  The  scattering  of  the  EM  radiation  off 
electron  plasma  modes  is  stimulated  Raman  scattering  (SRS) 
[5],  [32]-[35].  The  ordinary  (weakly  coupled)  SRS  through 
large  angles  is  the  case  when  the  normalized  amplitude  of  the 
laser  electric  field  ao  =  eEQl{'tn^.oj{)c)  is  much  smaller  than 
the  ratio  .  This  is  a  three-wave  resonant  process,  in 

which  a  pump  EM  wave  (cuq,  ko)  decays  into  a  scattered  EM 
wave  (cuo  —  a;BG.  k.^)  and  a  plasma  normal  mode  (cubg.  k^,  ), 
where  k^  =  ko  -  k,,  and  wbg  =  [^Ic.  +  ^  ujpc 
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is  a  Bohm-Gross  frequency  of  the  scattering  electron  plasma 
wave  (EPW).  The  spectrum  of  the  scattered  radiation  consists 
of  the  single  Stokes  band,  which  is  narrow  if  compared  with 
the  electron  plasma  frequency  (i.e.,  the  temporal  increment  of 
the  instability  is  much  smaller  than  0;^,,,).  Under  the  condition 
of  strong  coupling  [uq  ^  the  scattering  process 

becomes  nonresonant  [2],  [4],  [31],  [6].  The  electron  plasma 
modes,  which  participate  in  this  process,  possess  the  spectrum 
wide  in  comparison  with  the  electron  plasma  frequency  (there¬ 
fore,  the  increment  of  the  instability  has  the  maximum  value 
larger  than  Upr)-  Temporal  growth  rates  for  SRS  in  different 
regimes  were  recently  reviewed  in  [7].  The  spatiotemporal 
behavior  of  the  large-angle  SRS  (LA  SRS)  of  a  short  laser  pulse 
was  considered  in  [7],  [8],  [36],  [9],  [37],  [38]. 

Stimulated  Raman  side-  and  backscattering  is  known  to 
have  a  significant  effect  on  propagation  of  a  short  (<1  ps), 
intense  laser  pulse  in  a  plasma  and,  hence,  on  operation  of 
various  schemes  of  laser-plasma  particle  accelerators  [10]. 
For  nonrelativistc  pulse  intensities,  fluid  [7],  [11]  and  particle 
[12],  [39],  [13]  simulations  show  that  the  LA  SRS  can  erode 
the  back  of  a  lengthy  pulse  (Lpnisr  >  Xp  =  27: r./ to p,.).  So, 
in  acceleration  schemes  that  use  such  pulses,  the  detrimental 
pulse  erosion  caused  by  the  LA  SRS  should  be  minimized.  For 
relativistic  pulse  intensities,  backward  SRS  (BSRS)  usually 
saturates  already  in  the  head  of  the  pulse  and  erodes  mainly 
the  pulse  front  portion,  creating  a  sharp  leading  edge  (as  a 
consequence,  a  strong  pulse  depletion  due  to  the  generation 
of  an  intense  plasma  wakefield  occurs)  [12],  [39],  [13],  [14], 
[40].  Trapping  of  electrons  in  a  plasma  wave  generated  by  the 
BSRS  [4],  [31],  [15],  [41]  produces  fast  electrons,  which  can 
be  further  accelerated  in  self-modulated  laser  wakefields  [16], 
[42].  Saturation  of  the  LA  SRS  caused  by  the  electron  trapping 
can  lead  to  an  enhanced  plasma  heating  [17],  [43],  [44].  A 
problem  of  reducing  the  population  of  hot  electrons  generated 
by  the  SRS  of  a  short  (<1  ps),  intense  (<2  x  10^~  W/cm^)  laser 
pulse  was  considered  in  [18]  for  the  purposes  of  optimization 
of  the  recombination  X-ray  schemes  [19].  Summarizing,  we 
conclude  that  establishing  the  conditions  under  which  the 
growth  of  the  stimulated  Raman  side-  and  backscattering  can 
be  reduced  is  vital  for  most  applications  of  short,  intense  laser 
pulses  in  plasma  physics. 

We  have  already  shown  in  previous  works  [20],  [21],  [45], 
[46]  that  certain  processes  of  the  nonlinear  evolution  of  a 
short  laser  pulse  in  a  rarefied  plasma  can  suppress  the  weakly 
coupled  backward  and  near-backward  SRS  of  a  laser  pulse. 
Namely,  when  an  amplitude  modulation  of  the  pulse  occurs 
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with  a  spatial  period  close  to  Ap  (the  resonant  self-modulation 
[22],  [47]-[49]),  the  LA  SRS  of  higher  frequency  spectral 
components  of  the  modulated  pulse  undergo  resonant  sup¬ 
pression  [21],  [45],  [46]  (see  also  [11]).  The  decline  in  the 
temporal  increment  of  the  weakly  coupled  LA  SRS  in  a  plasma 
was  noted  in  [20]  in  the  case  that  the  plasma  is  perturbed  by 
a  long-wavelength  electron  plasma  wave  (LW  EPW)  whose 
density  perturbation  normalized  to  the  background  electron 
density  achieves  the  value  c^pe/cJo-  The  effects  of  suppression 
described  in  [20],  [21],  [45],  ^d  [46]  are  caused  by  the 
multiwave  (not  three-wave)  nature  of  the  scattering  process, 
which  manifests  when  the  laser  pulse  consists  of  several 
spectral  components  or  in  the  presence  of  an  LW  EPW.  Note 
that  different  aspects  of  the  effect  of  long-wavelength  plasma 
density  perturbations  on  parametric  instabilities  in  plasmas 
have  long  been  of  interest.  So,  in  [23],  it  was  shown  that  the 
presence  of  long-wavelength  plasma  turbulence  could  turn  a 
convective  instability  into  an  absolute  instability.  Suppression 
of  stimulated  Brillouin  scattering  by  long-wavelength  density 
perturbations  was  mentioned  in  [24]. 

The  present  work  is  aimed  at  studying  the  specific  features  of 
the  LA  SRS  of  a  short  laser  pulse  in  a  plasma  perturbed  by  an 
LW  EPW,  We  demonstrate  that  the  maximum  growth  rate  of  the 
LA  SRS  in  the  regime  of  weak  coupling  can  be  greatly  reduced 
in  the  presence  of  an  LW  EPW  whose  normalized  density  per¬ 
turbation  approaches,  or  exceeds,  the  value  Therefore, 

the  laser  pulse  erosion  due  to  the  LA  SRS,  the  condition  of  weak 
coupling  being  fulfilled,  is  less  significant  in  the  laser-plasma 
accelerators  [10],  where  the  laser-driven  LW  EPW  may  achieve 
a  relatively  large  amplitude  such  that  (^pe /^o)  ■  De¬ 

cline  in  the  growth  rate  of  the  LA  SRS  in  the  presence  of  an  LW 
EPW  is  also  established  under  the  condition  of  strong  coupling; 
that  is,  the  maximum  of  the  increment  is  reduced  by  one-half 
for  ^hlw  ~  ^  n.o(^pe/^o)  nowhere 

drops  to  zero.  We  have  considered  an  opportunity  to  suppress 
the  strongly  coupled  LA  SRS  in  the  case  that  the  LW  EPW  is 
excited  by  a  laser  pulse  having  a  rectangular  envelope.  Then, 
<5nLw  ~  no(ao/2)2  >  .  and  calculations 

show  that  the  increment  reduces  by  several  times.  In  this  paper, 
we  address  to  the  nonrelativistic  laser  intensities  only  (ao  <  1), 
whereas  analogous  studies  for  relativistic  pulses  are  reported 
elsewhere  [25],  [50]. 

The  paper  is  organized  as  follows.  In  Section  II,  we  introduce 
nonrelativistic  equations  that  describe  the  LA  SRS  of  a  laser 
pulse  in  a  rarefied  plasma  perturbed  by  a  linear  LW  EPW.  (The 
one-dimensional  (1-D)  version  of  the  basic  equations,  which 
described  the  direct  backscatter,  was  reported  earlier  [20].)  The 
details  of  derivation  of  the  basic  equations  are  relegated  to  the 
Appendix,  where  the  condition  is  also  found  under  which  the 
linear  approximation  of  the  LW  EPW  can  be  used  in  the  theory 
of  the  LA  SRS  developed  in  the  present  paper. 

In  Section  III,  we  consider  the  LA  SRS  of  a  short  laser  pulse 
in  the  presence  of  a  linear  LW  EPW.  We  study  the  1-D  regime 
of  spatial  amplification  of  unstable  modes  in  the  frame  of  ref¬ 
erence  comoving  with  the  pulse.  Under  the  conditions  of  weak 
and  strong  coupling,  we  find  the  increments  of  spatial  growth  in 
the  comoving  frame  of  reference.  These  increments  determine 
the  maximum  amplification,  which  can  be  achieved  on  a  pulse 


length  for  the  scattering  angle  that  is  large  enough.  For  the  max¬ 
imum  possible  amplification,  the  ratio  of  the  laser  spot  size  Lx 
to  the  pulse  longitudinal  size  Lpuise  must  obey  the  condition 
Lx/Lpuise  >  cot(a/2)  [9],  [37],  [38],  where  a  denotes  a  scat¬ 
tering  angle  reckoned  from  the  direction  of  the  pulse  motion. 
However,  the  total  scattered  energy  is  determined  by  the  exact 
structure  of  the  scattered  EM  field,  which  depends  on  the  shape 
of  the  laser  pulse.  The  question  of  how  the  shape  of  the  pulse 
affects  the  energy  losses  due  to  the  LA  SRS  will  be  answered  in 
the  other  paper.  We  establish  that  the  weakly  coupled  LA  SRS  in 
the  presence  of  an  LW  EPW  is  an  essentially  multiwave  process, 
which  can  be  suppressed,  provided  Suy^  >  no(cUpe/^o)-  The 
suppression  is  the  effect  of  a  phase  modulation  of  short-wave¬ 
length  scattering  plasma  waves  in  the  presence  of  an  LW  EPW. 
In  a  plasma  perturbed  by  an  LW  EPW,  the  short-wavelength 
EPW,  which  are  involved  in  the  scattering  process,  possess  a 
complex  spectrum,  which  consists  of  a  number  of  sidebands 
{(^BG  +  kg  -f  nkL^v)  shifted  to  integer  multiples  of  a 

frequency  a;Lw  and  wavenumber  kjjw  <  K  of  an  LW 

EPW  with  respect  to  the  original  normal  mode  (cubg,  ke)  (we 
discuss  this  effect  in  the  Appendix).  These  sidebands,  which  are 
not  normal  modes,  can  exist  only  at  the  expense  of  the  orig¬ 
inal  normal  mode,  whose  energy  can  be  completely  exhausted, 
and  amplitude  tends  to  zero  for  dnuw  ~  '^o(^pe/^<^o)  [26], 
[51].  Hence,  in  the  presence  of  an  LW  EPW,  the  energy  orig¬ 
inally  transmitted  to  the  single  normal  mode  of  the  plasma  os¬ 
cillations  is  expended  in  excitation  of  a  great  number  of  satel¬ 
lites,  which  are  not  normal  modes,  with  the  effect  of  dramatic 
decrease  in  the  growth  rate  of  the  instability.  We  have  found 
that  for  6nuw  >  noiujpel^o),  the  Stokes  band  in  the  spectrum 
of  the  scattered  EM  field  is  strongly  suppressed,  whereas  the 
anti-Stokes  band  at  ujq  +  lubg  appears  (however,  with  an  incre¬ 
ment  of  spatial  growth  small  if  compared  with  that  of  a  Stokes 
band  in  an  unperturbed  plasma).  Both  finite  electron  tempera¬ 
ture  (such  that  keVr^  <  ojpe)  and  a  deviation  of  a  scattering 
angle  from  tt  were  found  to  preserve  the  effect  of  suppression. 
As  for  the  strongly  coupled  SRS  in  the  presence  of  a  given  linear 
LW  EPW,  modulation  of  the  wide  spectrum  of  electron  plasma 
modes,  which  participate  in  the  scattering  process,  leads  to  the 
notable  effect  of  suppression  (i.e.,  halves  the  increment  of  the 
instability),  when  a  larger  amplitude  LW  EPW  is  taken,  such 
that  6nuw  ^  noia^ojpelujof^^ .  In  Section  IV,  we  summarize 
the  results  and  make  some  conclusions. 

11,  Basic  Equations 

To  describe  the  LA  SRS  of  a  laser  radiation  in  rarefied 
plasmas,  we  represent  a  high-frequency  (HF)  electric  field  in  a 
plasma  as 

a(r,  t)  =  i  {ao(r,  +  a,(r,  t)e--ot+i(k.,r)| 

+  c,c.  (1) 

where  the  dimensionless  amplitudes  ao(s)  =  eEo(s) /(mea;oc) 
(|ao(s)|  <  1,  |as|  <  I  ao  I )  refer  to  the  pump  field  and  the 
scattered  radiation,  respectively  (the  fields  have  an  arbitrary 
polarization).  It  is  assumed  that  the  laser  pulse  propagates 
along  the  OZ-axis  so  that  ko  =  and  scattering  occurs 


1108 


IEEE  TRANSACTIONS  ON  PLASMA  SCIENCE.  VOI..  28.  NO.  4,  AUGUST  2000 


through  an  angle  a  <  tt  reckoned  from  the  direction  of  a  pulse 
motion.  We  presume  that  the  wavenumbers  ko(s)  —  |ko(.s)| 
obey  the  same  dispersion  relation  for  EM  waves  in  a  plasma 
(^o(.s)c/cc;o)^  =  1  -  (cupr./^o)^  ^  1;  therefore,  ks  =  ko, 
and  ks  -  cos  a),  where  ks±  =  |ks^_L|  =  ko  sin  a. 

In  a  highly  rarefied  plasma  <  u;o),  the  amplitudes 

ao  and  are  slowly  varying  with  respect  to  time  and 
space  variables  on  scales  and  respectively;  that 
is,  \daQ(^s)/dt\  <C  u;o|flo(.s)|»  \d^'Q{s)ldz\  <  ksJao(.s)|,  and 
\dao(s)/drj_\  <  fcs±|ao(.s)|- 

The  laser  pulse  in  a  plasma  can  perturb  both  ion  and  electron 
density.  For  sufficiently  short  pulses,  we  may  neglect  the  per¬ 
turbation  of  the  ion  density  produced  by  the  pulse  and  consider 
ions  as  an  immobile,  positive  neutralizing  background.  A  pon- 
deromotive  force  due  to  beating  of  incident  and  scattered  EM 
waves  (1)  excites  a  perturbation  of  the  electron  density 

Sus  =  ^  5ns(r,  +  c.c.  (2) 


whose  wave  vector  obeys  the  resonant  matching  condi¬ 
tion  =  ko  -  k,  [hence,  |k^|  =  k^  =  2ko  siii(o:/2), 
kcz  =  sin^(Q;/2),  and  kr±  =  -k^x].  When  the  scattering 

angle  is  not  small  [we  suppose  that  sin(n;/2)  is  not  close  to  zero, 
and,  therefore,  kc  ^  ko],  we  treat  the  amplitude  Sus  as  a  slowly 
varying  function  of  the  space  variables  (IS^n^/^rl  < 

The  short-wavelength  EPW  (2)  is  responsible  for  the  stimulated 
Raman  scattering  of  the  laser  radiation  through  large  angles. 

Stimulated  Raman  scattering  through  large  angles,  which 
produces  relatively  short-wavelength  plasma  waves  (2),  can 
occur  in  a  plasma  in  the  presence  of  long- wavelength  electron 
plasma  oscillations.  These  oscillations,  which  vary  in  space 
slowly  if  compared  with  are  responsible  for  such  phe¬ 
nomena  as  the  self-modulation  of  radiation  and  the  wakefield 
excitation  [22],  [47]-[49].  In  plasma-based  accelerators  [10], 
the  laser-driven  LW  EPW  can  produce  electron  density  pertur¬ 
bations  of  order  of  tens  of  percent  of  the  background  electron 
density. 

We  investigate  the  LA  SRS  in  the  presence  of  a  linear  LW 
EPW  in  terms  of  the  coupled  mode  equations  whose  derivation 
is  outlined  in  the  Appendix.  These  equations  are  derived  for 
the  amplitudes  of  the  scattered  EM  field  and  scattering  EPW, 
and  they  include  the  quiver  velocity  VLw(r,  t)  of  electrons  in  a 
linear  LW  EPW  (vlw  known,  the  electron  density  perturbation 
5nLw(r,  t)  in  the  LW  EPW  can  be  retrieved  using  the  linear 
continuity  equation).  The  basic  equations  read  as 


*  {§i. 


^])e 

4wo 


ao  -  ao) 


—  -?;(k„VLw)j  +‘^BG 
=  {kccfiao,  as). 


K 

no 

Sn* 

no 


(3) 


(4) 


In  (3),  Vg  =  c^ks/uJo  is  a  group  velocity  of  the  scattered  EM 
wave  (we  consider  below  the  strongly  rarefied  plasma  and  ac¬ 
cept  |v^|  =  c).  The  characteristic  Bohm-Gross  frequency  of 


scattering  plasma  waves  can  be  expressed  through  the  electron 
temperature  as 

(^BG  =  +  sin^(a/2)^  (5) 

V  nirc^  J 

where  =  0.512  MeV.  Note  that  (4)  is  nonlinear  in  the 
electron  quiver  velocity  vlws  which  must  obey  the  condition 
VL\y/c  ^  SiiLw/iiQ  <  [see  the  Appendix,  (43)]. 

In  case  the  laser  pulse  and  the  LW  EPW  are  both  given,  (3)  and 
(4)  form  the  basis  of  a  linear  theory  of  the  LA  SRS  in  plasmas. 


III.  Dispersion  Analysis 


A.  General  Dispersion  Relation 

Before  proceeding  to  the  dispersion  analysis,  we  exclude  the 
velocity  from  the  second-order  differential  operator  of  (4) 
using  a  unitary  replacement 

{a.s,  6n*}  =  {a.s,  Sii*]  oxi)[-';>k]  (6) 

^  =  -  /  (k,,  vuv)rir  (7) 

Jo 

which  accounts  for  the  phase  modulation  of  the  decay  waves. 
Because  the  transformation  (6)  preserves  the  absolute  value, 
the  instability  onset  may  be  studied  in  terms  of  the  amplitudes 
{as.  Sill}.  Instead  of  z  and  L  it  is  convenient  to  use  variables 
^  =  z  -  ct  and  p  =  t  of  the  frame  of  reference  comoving 
with  the  pulse  (r_L  remains  the  same  in  both  frames).  When  the 
change  of  variables  is  made,  the  equations  for  the  amplitudes  of 
the  modulated  waves  read  as 


^  +  (Va:  V)  j  a,  +  a,  f  —  +  (v,„ 


4u)o 


^0  i2  \k.s_Li  3^0  j 


llQ 


(8) 


d  d\  2  1 

di)  no 


=  --{Kc)\al.as). 


(9) 


Here,  Vg  =  (c^k,j./wo,  -2(;  sin^(('V!/2))  and  V  =  {d/dr^, 

d/dO- 

We  consider  below  a  given  shape  of  both  laser  pulse  and 
LW  EPW,  thus,  neglecting  their  evolution  on  time  scales  of 
interest.  It  was  shown  [9],  [37],  [38]  that  the  time  interval 
To  =  max{Lp„]so/c,  Z/p„iso/[2c  siii^(rt/2)]}  is  required  for 
the  steady-state  spatial  amplification  in  the  comoving  frame 
to  be  established.  It  can  be  shown  [9],  [37],  [38]  that  the 
purely  l-D  regime  of  spatial  amplification  dominates  in  a 
plasma,  if  the  transverse  dimension  Z/_l  of  a  pulse  is  large 
enough  to  satisfy  the  inequality  >  cot(rv/2). 

Further,  we  treat  this  l-D  regime  and  determine  the  increments 
of  the  spatial  growth  in  the  comoving  frame,  thus,  ignoring 
boundary  conditions  at  =  L_l  and  the  spatial  domain  of 
two-dimensional  (2-D)  growth.  In  such  a  way,  we  determine  the 
maximum  possible  amplification  of  the  unstable  waves  in  the 
comoving  frame,  rather  than  an  exact  structure  of  the  scattered 
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EM  field,  which  depends  on  both  the  shape  of  the  laser  pulse 
and  boundary- value  conditions  at  the  pulse  side  boundaries. 

To  investigate  the  1-D  regime  of  the  spatial  amplification,  we 
choose  a  1-D  rectangular  longitudinal  profile  of  the  pulse 

ao(C)  =  eoao(0  (10) 

where  eo  is  a  unit  complex  vector  of  the  laser  polarization 
and  ao  is  a  constant  amplitude  of  the  pump  wave  in  the  region 
-^puise  <  ^  <  0  and  is  zero  outside  this  interval.  In  such  a 
way,  the  pump  wave  is  assumed  to  be  a  plane  wave;  that  is, 
the  spatial  variation  of  the  envelope  transverse  to  the  wave 
vector  is  neglected.  The  laser  pulse,  which  propagates  through 
an  unperturbed  plasma,  encounters  free  thermal  fluctuations 
of  electron  density.  These  fluctuations  may  be  amplified 
inside  the  pulse,  the  unstable  modes  growing  toward  the  pulse 
trailing  edge.  The  steady-state  amplification  is  described  by  the 
solution  to  the  boundary-value  problem  for  the  set  (8)  and  (9). 
The  boundary- value  conditions  for  this  problem  are  formulated 
below. 

In  the  absence  of  radiation  in  the  unperturbed  plasma  ahead 
of  the  pulse,  thermal  fluctuations  of  an  electron  density  with 
characteristic  wave  vector  close  to  ke  may  be  approximated  by 
the  solution  to  the  free  (4),  in  which  vlw  =  0 

^  =  V  A‘fhr)e""''o‘.  (11) 

We  apply  the  Fourier  transform  with  respect  to  the  variable  2:  to 
the  expression  (11),  and  we  change  the  variables  in  the  resulting 
expression.  As  a  result,  we  get 


-($,  rx,  V)  = 


S  /' 

- 1-1 


rx)) 


thus,  choosing  the  linear  LW  EPW,  which  is  stationary  in  the 
comoving  frame  of  reference. 

We  substitute  (10)  and  (16)  into  (8)  and  (9)  and,  according 
to  the  form  of  the  boundary  conditions  (12),  make  the  Fourier 
transform  of  the  steady  (in  the  comoving  frame)  solution  to  the 
boundary- value  problem  with  respect  to  the  variables  77  and  r  j_ 
(passing  to  the  variables  uj  and  kj_) 

as(^,  rx,  7?) 

=  /  (  E  /  kx,  oj)do)j 

(17) 

rx,  v)/no 

=  J  kx,  w)  dkx 

(18) 

with  (jj  and  k_L  real.  Then,  we  represent  the  Fourier  transfor¬ 
mants  in  the  Floquet  form 

-t-00 

y  (19) 

j  n=— 00 

which  provides  the  three-term  recurrent  relation  for  the  ampli- 
tudesaf 

=  0.  (20) 


where  qa  ~  aw^Q)lc,  Expression  (12)  is  a  Fourier  trans¬ 
form  with  respect  to  the  time  variable  77  in  the  comoving  frame 
of  reference.  The  laser  pulse  occupies  the  region  —  Lpuise  < 
^  <  0,  and  the  amplitude  5ns  (^,  r_L,  77)  and  its  derivative  must 
be  continuous  at  the  leading  edge  of  the  pulse 

=  0,  rx,  77)  =  0,  rx,  7?)  (13) 

-^(^  =  0,  rx,  7?)  =  (^  =  0,  rx,  77).  (14) 

Ahead  of  the  pulse,  the  intensity  of  free  thermal  fluctuations  of 
the  EM  field  with  a  frequency  close  to  uiq  is  assumed  to  be  zero 

a.(^-0,  rj.,77)  =  0.  (15) 

We  take  the  electron  velocity  vlw  » which  corresponds  to  the 
free,  linear,  1-D  LW  EPW,  in  the  form 

%w  =  ©z  ^  cos[A;lwC  -  iy>pe  ~  cfcLw)7?].  (16) 

^LW  no 

The  constant  amplitude  of  the  long- wavelength  density  pertur¬ 
bation  subject  to  the  limitation  5nLw/?^o  ^  [see 

the  Appendix,  (43)].  In  general,  A;lw  may  have  an  arbitrary 
value  that  is  small  compared  with  k^.  Then,  in  the  comoving 
frame,  the  long- wavelength  density  perturbation  oscillates  at  the 
frequency  Upe  -  We  take  below  ^lw  =  kp  ~  (jJpdc^ 


—  Di  -h  nWce  T 


{D2  ~F  nu7pg)(Tl2  nct?pe) 


•^1  =  ■  cot(Q!/2)] 

sin  (a/2) 

D2  =  wbg  ±  (w  +  ckj) 


^  ^  |(ksx,  ©0 

^  .2  ujp,  [  kl 

ujQ  SriLw  .  2  /O') 


x>0  ^TIlW  .  2  2  /OCX 

Ml  = - sin  (  -  =  /I  sin  -  j  .  (25) 

Wpe  no  V  2  /  V  2  / 

In  the  representation  (19),  kj  is  a  complex  number,  which  is  the 
jth  solution  to  the  dispersion  equation  to  the  set  (20) 


X(")  = 


X(«+2)  - 


- 


The  positive  imaginary  part  of  kj  [Im  kj  =  Kj{u),  fcx)]  is  an  in¬ 
crement  of  a  spatial  growth  in  the  comoving  frame  as  a  function 
of  a  real  frequency  shift  w. 
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To  describe  the  scattered  EM  field  behind  the  pulse  < 
“^puise).  we  use  the  free  (3),  in  which  the  change  of  variables  is 
made.  Using  the  continuity  of  the  scattered  radiation  at  the  pulse 
trailing  boundary  (see  also  [6]),  and  returning  to  the  variables  of 
the  laboratory  frame  in  the  obtained  solution,  we  get 


as{z,  k±,  t) 

=  exp{2?:/ti  sin(fcpLp„ise)}  /  duj 

^  ^  V  ”“-^pul.SC5 

{(jj/2)  COS  a 


cr=±l 
X  expf?, 


—  ck±  cot 


(f)} 


t 


sm^{a/2) 

lsin2(a/2)  V2yj  J 


ill) 


Equation  (27)  associates  the  frequency  shift  uj  with  the  fre¬ 
quency  u)d  of  the  scattered  light  detected  in  the  laboratory  frame 


'(a;/2)cosa  ,  /o;\l 

Wd  =  Wo  -  .2/  /ON  “  ^0*1  o  •  C8) 

[  sin^(Q:/2)  V2/J 

The  spectrum  of  EM  radiation  in  a  rear  plasma  (27)  includes 
the  modes  corresponding  to  the  frequency  domains  of  the  spatial 
amplification  [i.e.,  the  frequency  ranges  in  which  the  dispersion 
relation  (26)  has  complex  solutions].  It  is  clear  from  the  expan¬ 
sion  (19)  that  a  large  amount  of  daughter  waves  is  involved  in  the 
process  of  scattering.  Nevertheless,  the  EM  field  in  a  free  plasma 
behind  the  pulse  (27)  does  not  possess  such  a  complex  modal 
structure  because  of  a  phase  synchronism  of  the  sidebands  at 
the  pulse  trailing  edge.  Because  the  modulation  of  the  solution 
inside  the  pulse  occurs  only  with  respect  to  the  ^-variable  only 
(this  is  the  case  when  the  phase  velocity  of  the  LW  EPW  equals 
the  pulse  group  velocity),  the  EM  field  at  ^  will  be 

nonmodulated  with  respect  to  time  in  the  comoving  frame,  and 
hence,  the  solution  in  a  free  plasma  will  be  also  nonmodulated. 
Note,  however,  that  for  the  nonstationary  LW  EPW  in  the  co¬ 
moving  frame,  i.e.,  for  A;lw  ^  kp,  the  spectrum  of  the  scattered 
radiation  will  include  the  sidebands  shifted  to  integer  multiples 
of  {upe/2){l  —  kuw/kp)  [20].  The  sidebands  will  be  distinct 
when  this  frequency  shift  exceeds  the  width  of  the  frequency 
domain  of  instability,  and  it  will  merge  if  A:lw  ^  kp.  The  fre¬ 
quency  domains  of  instability,  which  are  very  different  under 
the  conditions  of  weak  (P  1)  and  strong  coupling  (P  ^  1), 
will  be  determined,  and  the  increments  will  be  found  in  Sec¬ 
tions  III-B  and  III-C. 


B.  Weakly  Coupled  LA  SRS 

In  the  limit  ^  <C  1,  searching  for  the  complex  roots  kj{ijj) 
of  (26)  will  be  performed  in  the  domains  of  the  parameters  u, 
kj,  and  k±y  such  that  either  the  relations  Di  ^  0  and  0 

or  0  and  0  are  satisfied.  It  is  clear  [use  (28)]  that 

the  frequency  of  the  scattered  light,  which  corresponds  to  the 
first  of  those  regions,  lies  in  the  vicinity  of  the  Stokes  frequency 
and  the  other  domain  of  parameters  corre¬ 
sponds  to  the  anti-Stokes  domain  near  Ud  =  ojq  ujbg-  For 
//I  <  1,  we  keep  in  (19)  the  fundamental  terms  {n  =  0)  and  the 


sidebands  with  n  =  ±1.  This  means  that  four  additional  waves 
participate  now  in  the  scattering  process.  The  electromagnetic 
sidebands  have  frequencies  ojq  —ujbg^^pc  and  are  still  close  to 
the  normal  modes.  On  the  contrary,  the  low-frequency  satellites 
with  frequencies  ujbg  are  not  normal  modes,  and  they  can 
be  excited  only  at  the  expense  of  the  original  normal  mode  of 
plasma  oscillations  (having  a  resonant  Bohm-Gross  frequency 
which  is  resonantly  involved  in  the  scattering  process. 
[The  modal  structure  of  short-wavelength  plasma  waves  in  the 
presence  of  a  linear  small-amplitude  (/i  <  1)  LW  EPW  is 
shown  in  the  Appendix,  (45).]  The  six-wave  scattering  process 
is  described  now  in  terms  of  the  reduced  form  of  the  dispersion 
equation  (26) 

~  (xTy'' 


We  can  easily  check  that  for  f.ii  1,  the  anti-Stokes  branch 
is  missing  [(29)  admits  no  complex  solutions  in  that  range  of 
parameters],  whereas  in  the  Stokes  domain,  the  unstable  modes 
grow  in  the  pulse  frame  with  the  following  increment: 


K{Aud) 


-ZC  /tQ 


where  Auj^  =  (tto/2)u;oi^pc/^BG.  Acod  =  -  (^o  -  ^bg)- 

The  spatial  increment  (30)  achieves  the  maximum  value  at  the 
Stokes  frequency  =  a;o  —  ^bg»  other  parameters  given.  In 
the  cold  plasma  without  LW  EPW  (then,  p.i  =  0,  and  o^bg  = 
u)pc),  the  maximum  possible  value  of  a  coefficient  of  amplifi- 
catioil  (jQ  —  ^inaxf^puisfM  Where  Avmax  —  \/ ^^0 5  cun 
be  achieved.  The  coefficient  of  amplification  Go  corresponds 
to  the  direct  backscattering  and  to  the  scattering  through  an  ar¬ 
bitrary  angle  in  the  plane  orthogonal  to  the  direction  of  laser 
polarization  [i.e.,  (k^sa,  ^o)  =  0].  For  nonzero  the  thermal 
correction  to  the  frequency  (5)  of  the  scattering  plasma  waves 
slightly  reduces  the  increment  by  the  factor  (c^pc/tt^BG)^^^-  It  is 
clear  from  (30)  that  excitation  of  the  pair  of  new  low-frequency 
waves  (not  normal  modes)  reduces  the  increment  by  the  factor 
1  —  /if .  The  reduction  is  small  until  /i  <  1,  when  we  can  ac¬ 
count  for  the  nearest  sidebands.  For  larger  /ii,  the  amount  of 
new  waves — participants  of  the  scattering  process — grows,  and 
their  effect  on  the  coefficient  of  amplification  becomes  more 
pronounced. 

When/ii  >  1,  we  will  find  the  solutions  to  the  full  dispersion 
equation  (26).  The  complex  solutions  are  searched  for,  as  above, 
in  both  Stokes  and  anti-Stokes  domains,  and  in  this  case,  (26) 
may  be  simplified  and  reduced  to  the  form  of  the  finite  algebraic 
equation 


/?/4 


l  +  2/i?/((0)  [ 


(1  +  ^t)-'/^  [/4/i(0)/2(0)] 


21 


where  St  =  {^bg/^pc)'^  -  1  and 
/nC-r)  = - 


n-\-  X 


Ml 


-  Sr 


■’  “  dx  • 


=  0 
(31) 


n  H-  1  4-  X  ■ 
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Normalized  amplitude  of  density  perturbation  in  LW  EPW, 

=  (5nL>„)((D/(0p^) 


Fig.  1.  Suppression  of  the  LA  SRS  at  the  Stokes  frequency  =  wq  —  <^bg  is  shown  in  the  plots  (a)  and  (c),  and  the  onset  of  the  instability  at  the  anti-Stokes 
frequency  LOd  =  ojo  wbg  is  shown  in  the  plots  (b)  and  (d).  (a)  and  (b)  are  obtained  for  =  0:  a  =  tt  (solid  line),  a  =  Stt/T  (dotted  line);  (c)  and  (d)  are 
obtained  for  a  =  tt  (direct  backscattering):  6^  =  0  (solid  line),  6t  =  =  0.25  (dotted  line). 


We  consider  below  the  scattering  in  the  plane  orthogonal  to  the 
direction  of  linear  polarization  of  the  laser,  where  the  coupling 
coefficient  (3  achieves  the  maximum  value  independent  on  the 
scattering  angle.  The  increments  of  the  spatial  growth  corre¬ 
sponding  to  the  Stokes  and  anti-Stokes  domains  are  found  by 
solving  (31)  numerically.  We  plot  in  Fig.  1  the  positive  imagi¬ 
nary  parts  of  the  roots  of  (31),  which  correspond  to  both  Stokes 
{(jJd  =  cc;o~i^BG)^Rd  anti-Stokes  (a;^^  =  a;o+Ci;BG)  frequencies 
versus  normalized  amplitude  fi  of  the  long-wavelength  density 
perturbation. 

The  primary  effect  of  the  LW  EPW  on  the  LA  SRS  is  that 
the  maximum  increment  in  the  Stokes  domain  reduces  to  zero 
when  ^nLw  ~  ?^o(^pe/^o)*  The  effect  of  suppression  is  insen¬ 
sitive  to  the  variation  of  the  scattering  angle  near  tt  [compare 
dependencies  shown  in  Fig.  1(a)  for  a  —  tt  and  a  —  37r/4].  Al¬ 
though  the  Stokes  increment  may  be  nonzero  for  some  values 
such  that  (5nLw  >  it  is  always  less  than 

the  maximum  possible  value  z^rnax  achieved  in  the  cold  plasma 
{St  —  0)  without  LW  EPW.  When  ^tilw  exceeds 
the  complex  solutions  of  (31)  appear  in  the  anti-Stokes  region. 
However,  the  increment  given  by  this  solution  is  less  than  z^max 
[see  Fig.  1(b)  and  (d)].  For  nonzero  plasma  temperature  [see 
Fig.  1(c)  and  (d)],  both  suppression  of  the  Stokes  and  genera¬ 
tion  of  the  anti-Stokes  branches  of  the  instability  do  not  subject 
to  substantial  changes. 

An  opportunity  to  create  the  wakefield  intense  enough  to  sup¬ 
press  the  LA  SRS  occurs  when  the  resonant  self-modulation 
of  the  laser  pulse  develops  (see  [22],  [47]-[49],  and  [10]  and 


the  references  therein).  Then,  the  amplitude  of  LW  EPW  can 
achieve  tens  of  percent  of  the  background  electron  density  even 
for  nonrelativistic  laser  intensity  corresponding  to  the  condi¬ 
tion  of  weak  coupling  [29].  So,  the  suppression  of  the  LA  SRS, 
which  is  predicted  above,  admits  an  experimental  verification. 

C  Strongly  Coupled  LA  SRS 

In  the  limit  /?  >  1,  scattering  plasma  waves  are  not 

normal  modes.  In  a  plasma  without  LW  EPW,  the  scattered 
radiation  has  a  widespread  spectrum  extended  to  the  blue  side 
-(3/2)/3^/^a;pe  <  <  (/3/2)a;pe.  The  maximum  value 

of  the  increment  kq  =  (\/3/2)A:p(^/2)^/^[l  ~ 
corresponds  to  the  frequency  Ud  ~  wq  as  follows  from  the 
dispersion  equation  =  0.  It  is  clear  [see  (24)]  that  for 
ks_L  -L  eo,  the  increment  z^o  is  independent  on  angle. 

When  a  plasma  is  perturbed  by  a  small-amplitude  LW  EPW 
such  that  Pi  <C  we  may  describe  the  instability  using 

(29).  For  ujd  =  ojQ,  the  increment  of  the  instability  given  by  the 
solution  to  this  dispersion  equation  reads  as 

2  3v^, 

=  tvQ-  p^  kp\~\  .  (32) 

Equation  (32)  is  useful  for  estimation  of  the  effect  of  an  LW 
EPW  on  the  strongly  coupled  LA  SRS  even  far  beyond  its  strict 
validity  region.  So,  (32)  predicts  a  decrease  in  z^ (ct;^  =  a;o)  when 
p  becomes  of  order  or  6nuw  no(ao(^pe/^o)^^^-  This 
prediction  is  confirmed  by  the  results  of  numerical  solution  to 
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Normalized  amplitude  of  density  perturbation  in  LWEPW 


Fig.  2.  Dependencies  are  shown  of  the  maximum  value  of  the  increment  of  the  strongly  coupled  LA  SRS  =  c^'o)  corresponding  to  f-i  =  27  and  <^7-  =  0 
(cold  plasma)  versus  normalized  density  perturbation  in  an  LW  EPW  //  —  (<^nLw/»o)(^o/^Vc )  the  two  values  of  the  scattering  angle:  a  =  tt  (solid  line), 
a  =  37r/4  (dotted  line). 


the  general  dispersion  equation  (26).  We  solved  this  equation 
for  >  10  and  have  established  in  that  range  the  relation 

~  =  Wo)  «  I  =  0,  Wd  =  Wo)  (33) 

i.e.,  the  maximum  of  the  increment  proves  to  be  reduced  by 
nearly  one-half  when  Sn^w  ~  no(aot^pe/^o)^^^*  To  demon¬ 
strate  the  effect  of  suppression,  we  show  in  Fig.  2  the  depen¬ 
dencies  —  27,  ujd  “  ct;o)  versus  //  for  two  values  a  —  tt 
and  a  —  37r/4  of  the  scattering  angle  (St  is  taken  to  be  zero 
and  ks±  ±  eo).  We  may  check  the  ratio  (33)  against  the  depen¬ 
dence  shown  in  Fig.  2.  Note  that  decrease  7r/4  in  the  scattering 
angle  just  slightly  modifies  the  suppression,  making  the  effect 
less  pronounced. 

We  can  directly  apply  this  result  to  the  physical  situation, 
when  the  LW  EPW  is  excited  by  the  leading  front  of  a  short 
laser  pulse  with  a  rectangular  envelope  [28],  [52],  [53].  Then, 
inside  the  pulse,  the  LW  EPW  amplitude  is  constant  and  equals 
5nLw  =  no(ao/2)^,  so  that  /x  =  /3/2.  Under  the  conditions 
of  strong  coupling,  this  value  is  significantly  larger  than  that 
is  necessary  to  halve  the  maximum  increment  [i.e.,  « 

no(aoC(Xpe/t«^o)^^^]»  and  we  may  expect  the  notable  decline  in  the 
increment  under  such  circumstances.  Using  the  dependencies 
plotted  in  Fig.  2,  it  can  be  established  that  the  maximum  incre¬ 
ment  corresponding  to^  =  (5 (2  =  13.5  equals  approximately 
one-fifth  of  the  increment  in  an  unperturbed  plasma.  This  means 
that  complete  suppression  is  not  the  case,  but  the  increment  re¬ 
duction  is  dramatic.  It  should  be  remembered,  though,  that  a 


limitation  on  an  LW  EPW  amplitude  Sutsv  < 
which  arises  from  the  requirement  of  the  linearity  of  the  LW 
EPW,  necessitates  for  ij,  >  10  the  condition  of  strongly  rarefied 
plasma,  namely,  cupclu^o  <  10“^,  or  no/x/c  <  10""^.  In  a  more 
dense  plasma,  the  effect  of  harmonics  of  an  LW  EPW  should 
be  taken  into  account  (see  the  Appendix),  which  can  drastically 
modify  the  effect  of  LW  EPW  on  the  scattering  process.  This 
can  be  seen  in  the  results  of  [25]  and  [50],  where  the  BSRS  of  a 
short  (I/puiso  ~  Ap),  relativistica]ly  strong  (ao  ~  1)  laser  pulse 
generating  a  strongly  nonlinear  LW  EPW  was  considered.  In  the 
regimes,  corresponding  to  the  parameter  regions  /?  >  50  (hence, 
^  >  25),  and  cjofujpc  >  20,  significant  variations  of  a  spectral 
shape  of  BSRS  depending  on  a  pulse  length  and  intensity  were 
established  instead  of  suppression  of  the  instability. 

IV.  Conclusion 

In  the  present  paper,  the  analytical  dispersion  analysis  of  the 
LA  SRS  of  a  short  laser  pulse  in  an  underdense  plasma,  which 
is  perturbed  by  a  linear  long-wavelength  electron  plasma  wave, 
was  performed  under  the  conditions  of  weak  and  strong  cou¬ 
pling.  The  present  work  was  aimed  at  calculation  of  the  in¬ 
crements  of  spatial  growth  in  the  comoving  frame  of  reference 
rather  than  at  obtaining  the  exact  structure  of  the  scattered  radia¬ 
tion  and  calculation  of  the  SRS  reflectivity,  which  need  account 
for  exact  shape  of  the  laser  pulse.  The  increments  of  spatial 
growth  in  the  frame  of  reference  comoving  with  the  pulse,  which 
determine  the  maximum  of  the  possible  amplification  of  scat¬ 
tered  radiation,  were  found.  The  obtained  increments  achieve 


ANDREEV  AND  KALMYKOV:  LW  EPW  ON  LA  SRS  OF  SHORT  LASER  PULSE 


1113 


their  maxima  for  scattering  in  the  plane  orthogonal  to  the  direc¬ 
tion  of  the  linear  polarization  of  the  laser.  In  the  absence  of  the 
LW  EPW  in  the  cold  plasma,  these  maxima  are  independent  on 
the  scattering  angle. 

The  presence  of  the  LW  EPW  in  a  plasma  causes  the  phase 
modulation  of  the  waves,  which  participate  in  the  scattering 
process,  and  it  makes  the  LA  SRS  a  substantially  multiwave 
process,  which  can  be  strongly  suppressed.  The  cause  of  sup¬ 
pression  of  the  instability  in  the  presence  of  an  LW  EPW  is 
excitation  in  the  spectrum  of  the  scattering  plasma  waves  of  a 
number  of  sidebands,  which  are  not  normal  modes.  The  energy 
loss  of  the  resonantly  excited  normal  mode  due  to  the  excitation 
of  these  sidebands  can  completely  suppress  the  instability.  We 
have  considered  the  suppression  of  the  instability  in  the  presence 
of  the  linear  LW  EPW  whose  phase  velocity  coincides  with  the 
group  velocity  of  a  laser  pulse. 

When  the  normalized  electron  density  perturbation  in  the 
LW  EPW  exceeds  the  ratio  of  the  electron  plasma  frequency 
to  the  laser  frequency,  the  spatial  increment  of  weakly  coupled 
LA  SRS,  which  corresponds  to  the  Stokes  band  of  the  scattered 
light,  drops  to  zero,  whereas  an  additional  anti-Stokes  band 
appears  in  the  spectrum  of  scattered  radiation.  The  maximum 
value  of  the  increment  of  spatial  growth,  which  corresponds  to 
the  anti-Stokes  band,  is  always  less  than  the  maximum  of  the 
original  increment  of  the  instability  in  a  plasma  without  LW 
EPW. 

Under  the  condition  of  strong  coupling,  the  LA  SRS 
is  a  nonresonant  process  even  in  an  unperturbed  plasma 
and  the  instability  subject  to  suppression  for  a  signifi¬ 
cantly  larger  value  of  a  density  perturbation  in  an  LW 
EPW;  that  is,  ^nLw  When  the 

linear  LW  EPW  is  generated  by  the  rectangular  laser  pulse 
[<5nLw  no(ao/2)^  >  no(aoa;pe/a;o)^^^].  the  maximum 
increment  of  the  instability  can  be  reduced  by  several  times. 
However,  complete  suppression  of  the  instability  under  the 
conditions  of  strong  coupling  is  not  the  case. 

The  phenomenon  of  suppression  of  the  LA  SRS  by  means  of 
an  LW  EPW  might  play  a  positive  role  in  the  performance  of  the 
self-modulated  laser  wakefield  accelerator  [10],  when  a  laser 
pulse  amplitude  satisfies  the  condition  of  the  weakly  coupled 
regime  of  the  LA  SRS  [29].  The  large-amplitude  LW  EPW  ex¬ 
cited  in  such  an  accelerator  suppresses  the  LA  SRS  and,  hence, 
reduces  the  laser  pulse  energy  depletion  and  erosion  of  its  form 
due  to  this  instability. 


Appendix 

Derivation  of  Basic  Coupled  Mode  Equations  for  LA 
SRS  IN  THE  Presence  of  Large-Scale  Electron  Density 
Perturbations 

We  derive  here  the  basic  equations,  which  describe  the  LA 
SRS  of  a  laser  pulse  in  an  underdense  plasma  under  the  assump¬ 
tion  that  a  plasma  is  perturbed  by  an  LW  EPW  whose  charac¬ 
teristic  wavelength  strongly  exceeds  the  laser  wavelength. 

The  electron  plasma  in  an  HE  electromagnetic  field  (1)  per¬ 
forms  both  “fast”  and  “slow”  motions,  the  characteristic  time 
scale  of  these  motions  being  Tfast  ^siow  ^ 

respectively.  The  nonrelativistic  hydrodynamics  of  the  electron 


plasma  gives  the  following  set  of  equations  describing  the 
“slow”  motions  of  the  electron  fluid  with  a  temperature  Te  in  a 
HE  field: 

dn 

— +  V{nv)=0  (34) 

dv  ,  e  _  o, 

-  +  (v,V)v  =  --V,,--V(a) 

-WSyinn  (35) 

—A(p  =4:7re6n  (36) 

where  a  is  a  normalized  HE  electric  field  defined  as  (1),  = 

n  --  no  is  an  electron  density  perturbation  slow  varying  on  scale 
and  Vr^  =  ^/Te/rae\  {’ -)  means  the  average  value  over 
the  laser  period  27rc«;^^.  According  to  the  spatial  dependence 
of  the  time-averaged  ponderomotive  potential,  we  represent  the 
solution  to  (34)-(36)  in  the  form 

{Sn,  V,  (/?}  =z{6hjjw^  vlw?  ^lw} 

+  5  Vs,  +  c.c.)  (37) 

where  kg  =  ko  -  k*,  kg  =  2ko  sin(a/2).  The  terms  in  round 
brackets  are  responsible  for  the  SRS  of  laser  radiation.  We  pre¬ 
sume  that  the  beat  period  of  laser  and  scattered  radiation  27rk~^ 
is  of  order  .  Then,  the  spatial  scales  of  variation  of  quantities 

labeled  as  “LW”  (“long-wavelength”)  and  “s”  (“scatter”)  can  be 
separated.  Substituting  (37)  into  (34)“(36)  under  the  assump¬ 
tion  that  ke  >  |V  ln{5nLw?  vlw,  <^lw}|>  V(6nsVLw)  ^ 
(vlw,  V)(5n5,and  |(vlw,  V)Vs1  >  Kv^,  V)vlv^|,  we  obtain, 
in  the  linear  approximation  in  6ns,  the  single  equation  for  the 
envelope  of  the  scattering  plasma  waves 

+  (vlwj  V)  -f  i(ke,  Vlw) 

=  -i(M'(ao,a:).  (38) 

The  quantities  VLw(r,  t)  and  ao(r,  t)  may  be  either  given  or 
determined  self-consistently.  The  equation  (3)  for  the  envelope 
of  the  scattered  radiation  follows  from  the  Maxwell  equations 
under  the  assumption  that  I^^lwI  <  ’^o* 

In  the  present  paper,  we  consider  the  LA  SRS  in  the  presence 
of  large-scale  electron  density  perturbations  produced  by  the 
given  LW  EPW.  Note  that  (38)  is  nonlinear  in  the  quiver  velocity 
Vlw  of  electrons  in  an  LW  EPW.  In  turn,  the  nonlinear  relation 
between  vlw  and  6hiM  exists  even  in  a  nonrelativistic  limit 
IvlwI  <  e.  Below,  we  determine  the  validity  condition  for  the 
linear  approximation  of  the  LW  EPW  in  (38). 

It  is  clear  from  (38)  that  the  modification  of  the  SRS  in 
the  presence  of  the  LW  EPW  occurs  due  to  the  effect  of  the 
LW  EPW  on  the  scattering  plasma  waves.  Let  us  consider  the 
short- wavelength  EPWs  (k  kg)  in  a  plasma  without  radiation 
(a  =  0)  and  examine  the  coupling  of  these  waves  to  the  given 
weakly  nonlinear  LW  EPW  having  relativistic  phase  velocity. 
The  highest  nonlinearity  of  such  an  LW  EPW,  which  can  be 
treated  in  terms  of  fully  nonrelativistic  equations  (34)-(36), 
is  second  order  in  Snijw  (description  of  the  higher  order 
nonlinearities  needs  account  for  the  relativistic  corrections 


+  ^BG 


6ns 

no 
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[30]).  In  the  1-D  case,  the  electron  quiver  velocity  in  such  a 
wave  reads  [30]  as 

Snux 

“  - - 1-  cos  (j)  +  — -  cos  20 

2no  2no  J 

(39) 

where  Snjjw  "C  no  is  a  constant  amplitude  of  a  density  per¬ 
turbation  in  the  LW  EPW,  and  0  —  k^z  -  kj,  —  ujpdc 
(for  the  sake  of  simplicity,  we  presume  the  phase  velocity  of  the 
linear  wave  equal  to  the  speed  of  light  in  a  vacuum).  Solving 
the  free  equation  (38)  with  an  account  of  (39)  and  keeping  the 
terms  of  order  ,  we  arrive  at  the  expression  for  the 

short-wavelength  free  electron  plasma  modes 

—  =  ^  ]  oxp[?;(k,,,  r)  +  ?:#;  +  ■i'l',,,] 

”0  V.T=±1  / 

+  c.c. 


vlw 


e.c 


Suysx  ( 


no 


(40) 


<J=±1 


where  .Ao-(r)  =  |ylcr(r)|  cxp(zrr(p^)  are  some  arbitrary  func¬ 
tions,  +  a{kc,  r)  +  and 


(ke,  =  2//4  si 

./o 

“  j  |^(vl\v,  V)  I  (kc,  yL\y)  dr  di 


~  2/7,2  sin  20 


sin  0  (41) 

dti 

(42) 


where 


Ml  ={Kz/'^kp){6nvAr/no) 

M2  —  (Mi/2)(<^nLw/no)  <  lii> 


The  phase  modulation  produced  by  the  second  harmonic  of  the 
LW  EPW  (39)  is  negligible  when  //-2  L  which  is  the  case  for 
5nLw  <  rio{kp/kcd^^'^  (note  that  /7,i  >  1  is  possible  under 
this  condition).  The  short-wavelength  EPW,  which  participate 
in  the  LA  SRS,  possesses  the  characteristic  wavenumber  k^  ^ 
2{uJo/c)sm{a/2)  2(a;o/c);  hence,  to  neglect  the  effect  of 

the  LW  EPW  nonlinearity  on  the  SRS  process,  the  following 
condition  must  be  fulfilled: 


When  the  inequality  (43)  holds,  the  terms  ~(vlw,  V)(^n.s  in 
(38),  which  produce  the  nonlinear  phase  component  may 
be  omitted,  leading  to  the  final  form  (4)  of  the  equation  for  the 
scattering  plasma  waves. 

To  conclude  with,  let  us  examine  the  modal  structure  of  the 
short-wavelength  free  plasma  modes  in  the  presence  of  the  given 
weakly,  nonlinear  LW  EPW.  The  modal  structure  of  the  short- 
wavelength  modes,  which  follows  from  (40),  reads  as 


Sfis  __  1 
no  2 


^icrfjJnci  ^ 


-foe 

,  m  =  ~co 


•7„(2/y,2)c-’'("+2’''W'  +  c.c. 


(44) 


where  are  ordinary  Bessel’s  functions.  From  (44),  it  is  clear 
that  the  spectrum  of  the  short-wavelength  EPW  in  the  presence 
of  the  weakly  nonlinear  LW  EPW  (39)  consists  of  a  number 


of  sidebands  shifted  to  integer  multiples  of  the  frequency  and 
wavenumber  of  the  LW  EPW  with  respect  to  the  original  normal 
modes  (n,  ni  ~  0).  When  //j  >  1  [i.e.,  ^nLw  >  ^/'o(2fcy>/Av^)], 
the  amplitude  of  the  sidebands  becomes  of  order  of  the  ampli¬ 
tudes  of  the  fundamental  modes  (n,  rn  =  0).  This  coincides 
with  the  conclusions  of  [26]  and  [51],  where  the  coupling  was 
considered  between  the  electron  plasma  waves  having  almost 
the  same  frequency  but  strongly  differing  in  wavenumbers.  Fi¬ 
nally,  let  us  obtain  the  modal  structure  of  the  short-wavelength 
modes  in  the  case  of  weak  modulation;  we  set  fix  C  1  and 
//2  “  0  in  (44)  and  make  a  series  expansion  in  powers  of  /fi 
keeping  the  terms  up  to  the  second  order 

~  =  E!  |(1 

.til  I* 

-  (t/ii[co,s(4'^  -(/>)-  cos(4'„  +  (/;)] 

+  Y  [co.s(4/<,  +  2(/>)  +  co.s(’IV  -  2</>)]|  (45) 

which  exactly  coincides  with  the  modal  structure  obtained  in 
[26]  and  [51]  from  a  Lagrangian  theory. 
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Proposed  Heatwave  Experiment  at  RAL  with  the 

Vulcan  CPA  Laser 

D.  Neely,  J.  L.  Collier,  R.  Allott,  C.  N.  Danson,  S.  Hawkes,  Z.  Najmudin,  R,  J.  Kingham,  K.  Krushelnick,  and 

A.  E.  Danger 


Abstract — A  chirped  pulse  ampliflcation  (CPA)  laser  config¬ 
uration  capable  of  driving  a  plasma  beat  wave  into  saturation 
before  modulation  instabilities  can  grow  is  reported.  The  proposal 
is  based  on  generating  a  single  sub-ps,  broad  bandwidth  pulse 
(rv^l6  nm)  and  stretching  and  filtering  to  select  two  wavelength 
components  (separation  ~7  nm).  The  two  spectral  components 
are  temporally  stretched  (to  >100  ps)  and  separated  (by  ns). 
The  pulses  are  then  amplified  sequentially  in  a  single  Nd :  glass 
chain  to  greater  than  15  J  per  pulse.  Using  a  single-pass  reflective 
grating  compressor,  the  pulses  are  compressed  (from  2  to  5  ps)  and 
automatically  synchronized.  The  system  is  capable  of  introducing 
a  chirp,  such  that  the  compressed  pulses  can  compensate  for 
relativistic  detuning  of  the  plasma  wave.  The  optimum  laser 
amplification  and  recombination  configuration  for  generating 
a  saturated  laser-driven  heatwave  is  presented,  and  options  for 
future  work  are  discussed. 

1.  Introduction 
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BECAUSE  the  heatwave  scheme  was  first  proposed  [1] 
as  a  possible  electron  accelerator,  it  has  generated  much 
interest  [2].  The  heatwave  acceleration  scheme  is  based  on 
two  laser  beams  of  different  frequencies  resonantly  driving 
a  plasma  wave  at  the  difference  frequency.  Extremely  large 
electric  fields>GVcm“^  can  be  envisaged.  Experiments  have 
been  conducted  using  microwaves  [3],  CO2  lasers  [4],  [5],  and 
glass  lasers  [6],  [7]  as  the  drive  beams.  In  the  experiments,  the 
plasma  wave  was  not  driven  to  its  limiting  relativistic  saturation 
level  because  of  the  growth  of  modulational  instabilities,  which 
have  a  growth  rate  determined  by  the  ion  plasma  frequency. 
We  here  propose  to  generate  chirped  pulse  amplified  (CPA) 
laser  pulses  [8],  [9]  of  sufficiently  short  duration  and  intensity 
to  drive  the  plasma  wave  to  saturation  before  modulation  insta¬ 
bilities  can  grow.  The  proposed  system  generates  two  pulses, 
which  are  separated  everywhere  in  time  in  the  amplification 
system  and  temporally  overlapped  only  in  the  interaction 
region.  The  system  is  inherently  jitter  free,  which  is  an  essential 
requirement  to  use  short  pulses.  The  system  also  avoids  any 
nonlinear  optical  interaction  between  the  pulses  in  the  beam 
line,  which  can  generate  unwanted  sidebands,  complicating 
diagnostics. 
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Fig.  1 .  Graph  shows  the  beat  wavelength  (solid  line)  and  the  required  electron 
density  (dashed  line)  as  a  function  of  the  wavelength  separation  of  the  two  drive 
wavelengths  centered  on  1054  nm. 

A  requirement  for  a  practical  accelerator  is  that  the  radial  gra¬ 
dients  in  the  plasma  wave  should  be  smaller  than  the  longitu¬ 
dinal  field.  To  achieve  this,  a  laser  spot  size  comparable  to  or 
larger  than  the  plasma  wavelength  is  required.  In  Fig.  1,  the 
plasma  wavelength  as  a  function  of  wavelength  separation 
A  A  =  Ao  “  Ai  of  the  two  laser  components  is  plotted.  This 
was  calculated  assuming  that  the  beat  frequency  between  the 
laser  pulses  is  matched  to  the  plasma  frequency.  The  required 
electron  density  for  resonant  excitation  of  the  plasma  is  also 
shown  in  Fig.  1.  As  A^,  is  inversely  proportional  to  A  A,  the  re¬ 
quired  laser  energy  will  scale  as  ~1/AA^,  favoring  operation  at 
the  maximum  possible  drive  laser  wavelength  .separation.  This 
is  derived  assuming  a  1/AA^  energy  dependence  on  focal  .spot 
size  and  an  additional  1/AA  dependence  caused  by  the  time  re¬ 
quired  to  reach  saturation  f  10].  One-dimensional  modeling  1 1 1] 
has  shown  that  the  modulational  in.stability  does  not  inhibit  the 
plasma  wave  growth  provided  /A^  >  10^^  Wcm“^  //m^.  Thus, 
for  A  A  and  pulse  lengths  of  the  order  10  nm  and  5  ps,  the  re¬ 
quired  laser  energy  per  pulse  is  of  the  order  10  J.  This  would 
give  a  relativistic  saturated  plasma  wave  amplitude  bii/ii  in  the 
region  of  10%. 

Relativistic  detuning  of  the  plasma  wave  as  it  grows  can 
be  compensated  by  introducing  a  chirp  [12]  in  the  difference 
frequency  between  the  two  la.ser  pulses  as  a  function  of  time. 
This  effectively  changes  the  beat  wavelength  from  the  start  to 
finish  of  the  laser  pulses  to  match  the  relativistic  detuning  in 
the  plasma.  Modeling  has  indicated  that  the  effect  of  using  a 
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Fig.  2.  Schematic  diagram  of  the  two-pulse  CPA  scheme. 
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Fig.  3.  Schematic  diagram  shows  the  stretcher.  Independent  motion  of  the  secondary  gratings  and  retro  mirrors  enables  introduction  of  a  controlled  chirp  of  the 
beat  frequency. 


chirped  difference  frequency  drive  becomes  more  pronounced 
as  the  drive  intensity  is  increased  [13].  The  CPA-based  system 
we  here  propose  is  ideally  suited  for  generating  such  a  chirp. 

There  are  considerable  other  advantages  of  using  short  laser 
pulses  to  drive  the  plasma  wave,  the  most  important  of  which  is 
that  a  much  larger  density  mismatch  and  inhomegenity  can  be 
tolerated,  easing  experimental  requirements  [14]. 

II.  Laser  Scheme 

A  layout  of  the  Vulcan  CPA  system  is  shown  schematically  in 
Fig.  2.  The  initial  oscillator  pulse  is  generated  by  a  commercial 
Kerr  lens  mode-locked  oscillator  using  Ti :  Sapphire  as  the  ac¬ 
tive  medium.  It  produces  an  80-MHz  pulse  train  of  5-nJ,  120-fs 
pulses  of  which  one  is  used.  The  sech^  pulse  has  a  full-width  at 
half  maximum  bandwidth  of  16  nm  centered  at  1054  nm. 

A.  The  Stretcher 

The  pulses  are  injected  into  a  double-pass  grating  stretcher  as 
shown  in  Fig.  3.  An  amplitude  filter  is  used  to  select  two  narrow 


bandwidth  portions  of  the  input  pulse.  The  bandwidth  of  each 
pulse  is  selected  via  the  width  of  the  slits,  whereas  the  separa¬ 
tion  of  the  slits  defines  the  wavelength  difference  and,  hence,  the 
beat  frequency.  The  required  amplitude  filter  is  placed  in  the  dis¬ 
persed  beam  of  the  stretcher  away  from  the  Fourier  plane.  It  is 
important  to  place  the  slits  away  from  the  Fourier  plane  because 
slits  in  this  plane  impose  an  extremely  hard  spectral  clip  on  each 
pulse.  Upon  temporal  compression,  these  hard  clips  would  gen¬ 
erate  a  pulse  with  a  very  poor  temporal  contrast  after  amplifica¬ 
tion,  typically,  no  better  than  100:1  many  tens  of  pulse  lengths 
away  from  the  peak.  By  placing  the  slits  away  from  this  plane, 
the  pulses  are  clipped  in  the  near  field  and  are  thus  selected  with 
“softer”  spectral  edges  and  have  better  contrast  ratios.  This  re¬ 
sults  in  contrast  ratio  improvement  of  the  amplified  pulse  of  four 
to  five  orders  of  magnitude,  as  illustrated  in  Fig.  4. 

An  alternative  scheme  involving  the  use  of  an  etalon  placed 
inside  an  amplifier  [15],  which  is  regenerative,  has  been  tested. 
However,  this  system  is  not  as  versatile  as  the  stretcher  described 
below,  which  can  produce  a  changing  beat  frequency  between 
the  compressed  pulses.  This  will  be  discussed  below. 
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Fig.  4.  Comparison  of  the  power  spectrum  and  pulse  shape  a  soft-  and  hard-clipped  pulse  after  amplification  (a)  filter  away  from  the  Fourier  plane  and  (b)  in  the 
Fourier  plane. 


5.  Introducing  a  Chirp  on  the  Beat  Frequency 

A  chirp  in  the  wavelength  difference  between  the  compressed 
pulses  beat  can  be  realized  in  a  straightforward  manner,  as 
indicated  in  Fig.  3.  Two  separate  gratings,  the  locations  of 
which  are  independently  variable,  replace  the  usual  second 
grating  in  the  stretcher.  Also,  two  individual  mirrors  replace  the 
retro  mirror  reflector,  one  for  each  grating.  The  two  spectrally 
selected  pulses  can  now  be  generated  each  with  an  arbitrary 
and  different  chirp.  If  the  chirp  parameter  [16],  dcu/dt,  for 
each  pulse  is  fdi  and  P2,  at  the  beat  frequency  (a;2  -  t^i),  the 
frequency  change  after  a  time  Ar  will  be  At  •  {pi  —  P2). 
The  chirp  parameters  pi  and  P2  can  be  varied  independently 
by  changing  the  location  of  the  gratings.  For  a  few  millimeter 
grating  displacement,  this  frequency  change  can  become 
comparable  to  the  beat  frequency. 

The  compressed  pulse  length  of  each  pulse  is  determined  by 
its  bandwidth  and  chirp  parameter.  Thus,  if  two  pulses  are  gen¬ 
erated  with  different  p\,  they  will  have  different  pulse  lengths 
if  they  possess  the  same  bandwidth.  This  will  limit  the  overlap 
time  to  the  duration  of  the  shorter  pulse.  Equal  pulse  lengths 
with  different  chirp  parameters  can  be  realized  if  each  pulse  has 
a  bandwidth  in  proportion  to  its  chirp.  This  is  achieved  by  inde¬ 
pendently  varying  the  slit  widths  and  adjusting  the  grating  po¬ 
sitions  to  maintain  the  same  pulse  lengths.  The  intensity  of  the 
amplified  compressed  pulses  can  then  be  equalized  by  tuning 
the  line  center  of  the  oscillator  to  effectively  provide  more  en¬ 
ergy  for  the  narrower  pulse. 

For  example,  consider  the  case  of  two  pulses  centered  at 
1050  nm  and  1056  nm,  initially  of  equal  bandwidth  1.0  nm. 


The  unchirped  bandwidth  limited  pulse  duration  will  be  ^1.5 
ps.  Assuming  that  Pi  ~  4.5  x  10^^  Hz/s  (6  ps/nm)  and 
p2  ~  ^  X  10^^  Hz/s  (3  ps/nm),  the  nominal  beat  frequency 
of  1.6  X  10^^  Hz  will  be  chirped  at  4.5  x  10^^^  Hz/ps.  The 
pulse  durations  will  be  approximately  6.2  ps  and  3.4  ps.  Thus, 
the  beat  will  only  occur  over  50%  of  the  temporal  overlap 
and  the  chirp  will  change  the  beat  frequency  by  about  10% 
over  this  overlap  time  of  3.4  ps.  However,  either  by  reducing 
the  bandwidth  of  the  1050-nm  pulse  to  0.5  nm  (case  1)  or 
increasing  the  bandwidth  of  the  1056  pulse  to  2.0  nm  (case  2), 
100%  overlap  can  be  achieved  with  the  same  rate  of  change 
in  beat  frequency  with  a  pulse  duration  of  either  3.4  ps  (case 
1,  10%  change  in  beat  frequency)  or  6.2  ps  (case  2,  20% 
change  in  beat  frequency).  In  selecting  the  pulse  bandwidth, 
a  compromise  must  be  reached  between  maximizing  the  laser 
energy  and  maintaining  a  low  B-integral. 

C.  Amplification 

The  two  pulses  produced  by  the  stretcher  are  temporally  sep¬ 
arated.  We  propose  to  amplify  the  pufses  in  a  single  beam  line. 
The  propagation  and  amplification  of  these  pulses  by  the  Vulcan 
Ndiglass  laser  has  been  be  modeled  numerically.  In  the  simula¬ 
tion,  a  fluorescence  curve  for  the  phosphate  glass  amplifier,  cen¬ 
tered  at  1053.5  nm,  is  used  as  the  gain  curve.  A  top  hat  function 
simulates  the  spectral  filter  of  the  stretcher. 

The  amplifier  chain  gain  bandwidth  significantly  reduces  the 
amplification  available  for  the  spectrally  separated  pulses  the 
further  they  are  located  from  the  center  wavelength.  Fig.  5  shows 
the  gain  required  as  a  function  of  wavelength  to  maintain  a 
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constant  output  of  20  J  for  a  narrow  bandwidth  of  0. 1  nm  and 
a  constant  input  energy  from  the  oscillator  of  1  nJ,  However, 
such  a  narrow  bandwidth  cannot  be  amplified  to  the  20-J  level 
through  the  Vulcan  system.  This  is  because  if  the  bandwidth  is 
too  narrow,  the  stretched  pulse  length  is  short  and  the  energy  it 
can  be  amplified  to  is  limited  by  damage  thresholds  and  B -inte¬ 
gral  effects.  Taking  these  factors  into  account,  the  wavelength 
separation  as  a  function  of  bandwidth  is  presented  in  Fig.  6. 
This  illustrates  that  larger  separations  necessarily  need  larger 
bandwidths.  The  gain  available  in  the  Vulcan  amplifier  chain  is 
such  that  pulses  at  the  20- J  level  can  be  generated  for  AA  ~  9 
nm  with  a  bandwidth  of  ~1.3  nm.  The  use  of  mixed  phosphate 
and  silicate  glass  amplifiers  could  in  the  future  allow  pulses  of 
greater  wavelength  separation  to  be  used  in  the  system. 

III.  Pulse  Compression  and  Combining 


Wavelength 

Fig.  5.  Graph  shows  the  required  gain  (solid  line)  in  the  Vulcan  Nd :  glass  as 
a  function  of  wavelength  to  maintain  constant  output  energy  of  20  J  for  0.1-nm 
bandwidth  pulse.  The  dashed  line  shows  the  system  gain  with  an  additional 
9-mm  diameter  rod  amplifier.  The  intersection  represents  the  maximum 
wavelength  difference  the  system  can  be  used  at. 


A  two-grating  compressor  is  shown  in  Fig.  7.  Both  laser 
pulses  are  incident  onto  the  first  grating  and  overlap  only 
partially  on  the  second  grating,  as  they  diffract  apart  after 
leaving  the  first  grating  because  of  their  different  wavelengths. 
Thus,  in  the  interaction  region,  not  all  of  the  initial  energy  in 
the  pulses  is  used  to  drive  the  beat  wave.  D  is  the  distance 
between  the  grating  centers,  L  is  the  length  of  the  gratings, 
p  is  the  grooves  density  per  meter,  and  N  is  the  diffraction 
order  at  which  we  can  define  a  cutoff  wavelength  Acut-  For 
a  single  beam  illuminating  the  first  grating  composed  of  two 
monochromatic  components  equally  spaced  about  a  central 
wavelength  by  ~Acut/2,  they  will  diffract  out  to  such  an  extent 
that  they  both  just  miss  the  second  grating  and  no  energy  is 
transmitted  through  the  system.  Acut  is  given  by 


Acut  ^ 


2T  cos  (j^out 


(1) 


Each  wavelength  component  will  fill  a  fraction  (1  —  AA/Acut) 
of  the  final  grating  resulting  in  an  overlap  fraction  of 
(1  -  2AA/Acut)-  If  we  require  the  beams  to  overlap  signifi¬ 
cantly  (i.e.,  at  least  overlap  over  the  central  half  of  the  final 
grating),  we  can  define  a  maximum  wavelength  separation 
A  A  <  Acut/4.  The  present  Vulcan  compressor  uses  two  1740 
lines  per  millimeter  CPA  gratings  that  have  a  surface  ruling 
across  390  x  190  mm  and  are  used  in  first  order  with  a  grating 
separation  of  3.5  m  and  at  an  input  angle  of  73.2"^.  This  gives 
Acut  ~  30  nm.  Therefore,  to  use  the  existing  system  would 
give  a  maximum  wavelength  separation  of  A  A  <  7  nm.  This 
corresponds  to  a  plasma  wave  Xp  >  158  ^m. 

The  three-grating  compressor  shown  in  Fig.  8  does  not  suffer 
from  the  problem  of  limited  beam  overlap.  In  this  scheme,  the 
two  input  pulses  must  be  on  different  beam  lines  that  are  inci¬ 
dent  onto  two  separate  input  gratings.  In  this  scheme,  the  beams 
must  diffract  sufficiently  that  when  the  two  input  gratings  are 
just  touching,  full  beam  overlap  is  obtained  on  the  final  grating. 
This  condition  can  be  expressed  as  A  A  =  Acut/2.  By  appro¬ 
priately  increasing  the  separation  between  the  input  gratings, 
full  overlap  on  the  second  grating  can  be  achieved  at  A  A  > 
Acut/2.  An  additional  degree  of  freedom  is  available  in  that  it 
is  possible  to  move  the  input  gratings  in  opposite  directions  rel¬ 
ative  to  the  output  grating  and  introduce  temporally  dependent 


opposite  chirps  on  the  two  pulses.  It  should  be  noted  that  the 
three-grating  compressor  requires  amplification  of  the  pulses  in 
separate  chains  or  a  suitable  method  of  separating  the  pulses  be¬ 
fore  the  input  gratings. 

The  maximum  intensity  /max  in  focal  region  that  can  be 
delivered  using  a  two-grating  compressor  for  a  beat  wave  exper¬ 
iment  is  given  to  a  first-order  approximation  by 

/max  =  SDrelil  -  AA/Acut)  (tttA^)  (2) 

where  S  is  the  surface  area  of  the  gratings,  is  the  diffraction 
efficiency,  and  Dt  is  the  damage  threshold  energy  density  of 
the  gratings.  Experience  [9]  with  the  1740  lines  per  millimeter, 
1053-nm  optimized,  gold  overcoated  holographic  gratings  (sup¬ 
plied  by  J.  Yvon)  in  the  Vulcan  CPA  system  has  shown  that 
sustainable  long-term  (hundreds  of  shots)  average  drive  fluence 
is  approximately  130  mJcm“^  for  no  detectable  surface  degra¬ 
dation.  The  diffraction  efficiencies  of  the  two  wavelengths  are 
equal  to  within  a  few  percent.  Setting  the  gratings  at  an  input 
angle  of  73.2°  gives  a  measured  first-order  diffraction  efficiency 
Cd  of  89%.  For  AA  =  7  nm,  this  gives  /max  ~  Z/'T"  (ps)  x 
10^^  Wcm“^  with  a  Rayleigh  length  centimeter.  In  adapting 
the  Vulcan  system  to  support  two  narrow  spectral  components, 
self-phase  modulation  effects  limit  the  maximum  deliverable 
energy  per  pulse,  reducing  the  above  to  /max  ~  3/r  (ps)  x  10^^ 
Wcm“^.  This  estimate  is  approximate  because  it  does  not  ac¬ 
count  for  the  fact  that  the  beam  has  different  sizes  in  the  hor¬ 
izontal  and  vertical  planes  caused  by  the  beam  aperture  being 
noncircular. 

The  two-grating  compressor  is  much  simpler  to  set  up  and 
is  ideal  in  situations  in  which  the  spectral  separation  is  small. 
In  situations  in  which  it  is  necessary  to  have  a  long  duration 
stretched  pulse  in  the  amplifier  to  avoid  nonlinear  effects,  the 
three-grating  compressor  is  advantageous. 

The  Vulcan  CPA  system  is  currently  being  upgraded  [17]  to 
the  PW  level,  and  when  completed  in  2002,  the  system  will 
be  capable  of  delivering  pulses  suitable  for  a  beat-wave  drive. 
The  system  will  use  1480  lines  per  millimeter  gratings  sepa¬ 
rated  by  13.5  m,  which  gives  Acut  ~  31  nm,  very  similar  to  the 
present  configuration.  However,  with  an  increase  in  grating  size 
to  ~0.9-m  diameter,  the  system  will  be  able  to  support  energies 
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wavelength  separation  (  nm ) 


Fig.  6.  Graph  shows  the  minimum  pulse  bandwidth  necessary  to  maintain  ~20  J  of  energy  per  pulse  as  a  function  of  the  wavelength  separation  between  the  laser 
pulses  on  Vulcan.  This  limit  is  set  to  avoid  damage  thresholds  in  the  amplifier  chain  and  B-integral  effects. 


Input  beam 


Fig.  7.  Schematic  layout  shows  a  two-grating  pulse  compressor  and  combiner. 


Output  beam 


Fig.  8.  Schematic  layout  shows  a  three-grating  pulse  compressor  and 
combiner. 

of  ~100  J  per  pulse,  enabling  much  longer  interaction  lengths 
to  be  achieved. 

IV.  Summary 

A  novel  laser  configuration  capable  of  generating  the  nec¬ 
essary  conditions  to  drive  a  plasma  beat  wave  into  saturation 
before  modulation  instabilities  can  grow  to  cause  significant 
disruption  is  proposed.  The  scheme  relies  on  generating  a 
single  sub-ps,  broad  bandwidth  pulse  and  spectrally  stretching 
and  filtering  to  select  two  wavelength  components  that  are 
inherently  synchronous.  A  stretcher  capable  of  introducing  a 
chirp  such  that  the  compressed  pulses  have  a  changing  beat 
frequency  capable  of  compensating  for  relativistic  detuning 
is  proposed.  The  two  laser  pulses  can  also  be  amplified  on 
the  Vulcan  CPA  Nd:glass  chain  greater  than  20  J  per  pulse 
and  will  be  used  early  in  2000  for  a  beat-wave  experimental 
investigation. 
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Scaling  of  Accelerating  Gradients  and  Dephasing 
Effects  in  Channel-Guided  Laser  Wakefield 

Accelerators 

Richard  F.  Hubbard,  Member,  IEEE,  Phillip  Sprangle,  Fellow,  IEEE,  and  Bahman  Hafizi,  Member,  IEEE 


Abstract — Future  wakefield  accelerator  (LWFA)  experiments 
are  expected  to  operate  in  the  short  pulse  resonant  regime  and 
employ  some  form  of  laser  guiding,  such  as  a  preformed  plasma 
channel.  Performance  of  an  LWFA  may  be  characterized  by  the 
maximum  axial  electric  field  Em,  the  dephasing  length  and 
the  corresponding  dephasing  limited  energy  gain  Dephasing 
is  characterized  by  the  normalized  phase  slippage  rate  A/3p  of  the 
wakefield  relative  to  a  particle  moving  at  the  velocity  of  light.  This 
paper  presents  analytical  models  for  all  of  these  quantities  and 
compares  them  with  results  from  simulations  of  channel-guided 
LWFAs.  The  simulations  generally  confirm  the  scaling  predicted 
by  the  analytical  models,  agreeing  within  a  few  percent  in  most 
cases.  The  results  show  that  with  the  proper  choice  of  laser  and 
channel  parameters,  the  pulse  will  propagate  at  a  nearly  constant 
spot  size  tm  over  many  Rayleigh  lengths  and  generate  large  accel¬ 
erating  electric  fields.  The  spot  size  correction  to  the  slippage  rate 
is  shown  to  be  important  in  the  LWFA  regime,  whereas  A^p  is  es¬ 
sentially  independent  of  laser  intensity.  An  example  is  presented  of 
a  25-TW,  100-fs  laser  pulse  that  produces  a  dephasing  limited  en- 
ergy  gain  in  excess  of  1  GeV. 

Index  Terms — Intense  lasers,  laser-plasma  interactions,  laser 
wakefield  accelerators,  optical  guiding,  plasma  channels. 

1.  Introduction 

PLASMA-BASED  accelerators  such  as  the  laser  wakefield 
accelerator  (LWFA)  offer  the  possibility  of  accelerating 
gradients  far  beyond  those  achievable  by  conventional  means.  In 
the  LFWA  [l]-[3],  the  laser  produces  a  large  amplitude  plasma 
wave  that  moves  with  the  laser  pulse  and  traps  and  acceler¬ 
ates  the  electrons.  The  (full-width,  at  half-maximum)  laser  pulse 
length  Ti  in  the  regime  for  a  LWFA  is  less  than  1  ps,  the  beam 
power  exceeds  10^^  W  =  1  TW,  and  the  spot  size  is  typically 
tens  of  microns.  The  axial  electric  field  and  accelerating  gra¬ 
dient  can  approach  the  nonrelativistic  wavebreaking  field  given 
by  [3] 

E[^  =  rncwpole  (1) 

where  02^0  =  is  the  electron  plasma  frequency 

based  on  the  nominal  on-axis  plasma  density  no,  and  e  and  m 
are  the  electron  charge  and  mass.  The  field  Eq  thus  depends 
only  on  the  plasma  density  and  can  be  expressed  in  volts/meter 
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as  Eq  [V/m]  =  96//^^  |cm“'^J.  At  a  plasma  density  of 
cm~^,  E()  ^  100  GV/m.  which  is  approximately  three  orders 
of  magnitude  above  the  highest  accelerating  gradients  in  con¬ 
ventional  accelerators.  The  wavelength  of  the  plasma  wave  in 
a  LWFA  is  near  the  plasma  wavelength  Xp  =  ‘Zne/tOpo,  In  the 
original  resonant  or  “standard”  LWFA  concept  1 1  H81,  |491,  the 
laser  pulse  length  ctj^  is  somewhat  shorter  than  Xp,  and  the  laser 
wavelength  A  is  much  shorter  than  Xp. 

The  electron  beam  energy  from  an  LWFA  is  determined  by 
the  average  accelerating  gradient  (/^-)  and  the  cfTcctivc  inter¬ 
action  length  Lf,  over  which  acceleration  can  be  maintained. 
Although  {E~)  can  be  large,  several  factors  may  limit  the  in¬ 
teraction.  Perhaps  the  most  important  of  these  is  diffraction  of 
the  laser  pulse.  The  characteristic  distance  for  the  beam  to  ex¬ 
pand  because  of  diffraction  is  the  Rayleigh  length  Zj^,  given  by 

=  tt/o/A  (2) 

where  vq  is  the  radius  or  spot  size  of  the  laser  pulse  at  the  focus. 
We  can  show  that  the  maximum  energy  gain  in  an  unguided 
LWFA  is  less  than  100  MeV  for  any  reasonable  laser  parameters 
[6].  A  recent  unguided  LWFA  experiment  produced  an  energy 
gain  of  1.6  MeV  [7]. 

Much  higher  energies  may  be  achieved  if  the  pulse  can  be 
optically  guided  over  many  Rayleigh  lengths,  thus,  increasing 
La-  One  basic  approach  is  to  modify  the  index  of  refraction 
7/  of  the  plasma  so  that  it  peaks  on  axis  [2],  131,  (6|,  |8j,  19). 
A  very  intense  laser  pulse  may  generate  the  desired  refractive 
index  profile  through  relativistic  corrections  to  the  electron  mass 
[IJ.  r8J-[  12].  However,  this  relativistic  guiding  mechanism  can 
be  shown  to  be  ineffective  in  the  resonant  LWFA  regime  where 
ctl  <  [  10].  It  is  believed  to  play  an  important  role  in  the  long 

pulse,  self-modulated  LWFA  regime,  where  cti  >>  Xp,  and  the 
laser  power  exceeds  the  critical  relativistic  focusing  power  P,. 
[8]-ll2],  (The  critical  power  in  terawatts  is  given  by  |9]-|  12] 
Pr  [TW]  =  0.()17(Ay,/A)“.)  wSeveral  experiments  operating  in 
this  regime  [13]-[18|  have  reported  detection  of  electrons  at 
high  energies,  exceeding  100  MeV  in  some  cases.  However, 
propagation  physics  of  the  laser  pulse  is  highly  nonlinear,  and 
the  electron  beam  quality  is  generally  poor,  with  a  very  large 
spread  in  electron  energies.  For  this  reason,  the  standard  or  res¬ 
onant  regime  is  generally  considered  more  suitable  for  a  prac¬ 
tical  accelerator. 

Preformed  plasma  channels  offer  a  promising  method  for  pro¬ 
viding  such  guiding  for  a  resonant  LWFA.  Channels  produced 
by  one  or  more  lower  power  axicon-focused  lasers  |19|-[24] 
or  capillary  discharge  [25]-[34|  have  successfully  guided  laser 
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pulses  over  distances  of  several  centimeters  at  relatively  high 
intensities.  In  both  cases,  the  channel  has  a  density  minimum 
on-axis  in  which  the  plasma  temperature  is  somewhat  higher. 
The  axicon-focus  method,  which  was  originally  developed  by 
Milchberg  et  al  [19]-[22],  uses  a  line  focus  to  create  the  heated 
channel.  The  capillary  discharge  method,  which  was  pioneered 
by  Zigler  et  al  [25]-[33],  is  an  electrically  driven  system  that 
produces  the  plasma  by  ablating  material  from  the  wall  of  the 
capillary.  Recent  experiments  have  demonstrated  guiding  of  ter- 
awatt  pulses  over  2  cm  [29]  and  lower  intensity  pulses  over 
6.6  cm  [27].  Hosokai  et  al  [34]  have  demonstrated  guiding  in 
gas-filled  capillary  discharges  in  which  the  pinch  current  in  the 
capillary  plays  an  important  role.  In  most  guiding  experiments 
to  date,  the  plasma  density  has  exceeded  10^^  cm“^,  which  re¬ 
quires  exceedingly  short  laser  pulses  to  be  in  the  standard  LWFA 
regime.  Although  these  methods  are  promising,  laser  wakefield 
acceleration  and  guiding  in  a  preformed  plasma  channel  has  not 
yet  been  demonstrated  experimentally. 

A  second  major  limitation  on  laser  wakefield  acceleration  is 
caused  by  the  mismatch  between  the  accelerated  electron  ve¬ 
locity  and  the  phase  velocity  of  the  wake  potential  or  plasma 
wave  that  provides  the  acceleration  [1],  [3],  [6],  [8].  Accelera¬ 
tion  will  persist  only  as  long  as  the  particle  remains  in  the  ac¬ 
celerating  and  focusing  portion  of  the  wake  potential.  The  wake 
phase  velocity  is  approximately  equal  to  the  group  velocity  of 
the  laser  pulse  and  thus  is  smaller  at  the  higher  plasma  densities 
that  may  produce  larger  amplitude  accelerating  fields.  If  optical 
guiding  is  successfully  achieved,  dephasing  is  likely  to  be  the 
primary  factor  limiting  the  energy  gain. 

This  paper  treats  laser  pulse  propagation,  wakefield  genera¬ 
tion,  and  dephasing  effects  in  a  channel-guided  LFWA.  Section 
II  reviews  analytical  models  for  the  laser  spot  size  tm  in  the 
channel,  the  peak  accelerating  electric  field  Em,  and  the  de¬ 
phasing  effects.  The  approach  here  is  similar  to  that  taken  by 
Hubbard  et  al  [32],  except  that  the  analysis  is  formulated  by  the 
laser  strength  parameter  uq  instead  of  the  laser  peak  power  Pq. 
Although  the  laser  spot  size  in  the  channel  is  determined  by  the 
channel  parameters,  the  range  of  these  parameters  is  strongly 
constrained  by  the  laser  pulse  length,  because  for  a  given  rj,, 
wakefield  generation  is  optimized  for  a  relatively  narrow  range 
of  plasma  densities.  The  model  for  the  peak  electric  field  is 
valid  for  the  standard  LWFA  regime  in  which  the  pulse  length 
is  less  than  the  plasma  wavelength,  and  it  includes  an  approx¬ 
imate  amplitude  and  pulse  length  scaling  based  on  previously 
published  one-dimensional  (1-D)  numerical  models  [3],  [35]. 
Dephasing  is  characterized  by  a  normalized  phase  slippage  rate 
App,  leading  to  the  usual  estimates  for  the  dephasing  length  Ld 
and  dephasing-limited  energy  gain  Wd.  The  dephasing  model 
includes  the  finite  spot  size  correction  to  the  slippage  rate  and 
assumes  that  the  wakefield  is  sinusoidal  and  that  acceleration 
and  focusing  of  the  electron  beam  ends  when  the  wakefield  slips 
by  a  quarter  of  a  plasma  wavelength  relative  to  a  particle  moving 
at  c. 

The  analytical  models  are  compared  with  results  from  a  laser 
propagation  simulation  developed  originally  by  Krall  et  al 
[11],  [36].  Simulations  are  restricted  to  the  regime  of  interest 
for  future  channel-guided  resonant  LWFA  experiments.  The 
laser  pulse  is  injected  into  the  channel  with  a  spot  size  near 


the  matched  radius  tm;  so  oscillations  in  the  laser  spot  size 
are  modest  in  amplitude.  Section  III  describes  changes  in  the 
pulse  during  propagation  and  the  wakefield  generation  process. 
The  simulation  results  generally  agree  well  with  the  models 
described  in  Section  II.  The  simulations  also  exhibit  additional 
features  such  as  pulse  distortion  and  envelope  damping  of 
ultrashort  pulses.  These  processes  have  been  recently  analyzed 
by  Sprangle  et  al  [37]-[39]  and  Esarey  and  Leemans  [40] 
and  are  caused  in  part  by  finite  pulse  length  corrections  to 
the  wave  equation  [10],  [11],  [37]-[41].  Also,  the  scaling  and 
evolution  of  the  peak  accelerating  field  Ems  exhibit  behavior 
not  contained  in  the  analytical  models.  Section  IV  describes  an 
analysis  of  dephasing  effects  in  the  simulations  and  compares 
the  results  with  the  analytical  models.  The  agreement  between 
the  simulation  and  analytical  phase  slippage  rates  is  excellent. 
There  is  a  clear  tradeoff  in  the  choice  of  laser  pulse  length  for 
a  LWFA.  Short  pulse  lengths  and  high  plasma  densities  can 
generate  very  high  accelerating  gradients,  but  the  dephasing 
effects  may  severely  limit  the  energy  gain.  An  example  is  pre¬ 
sented  of  a  channel-guided  LWFA  driven  by  a  25 -TW,  100-fs 
long  0.8-/im  wavelength  laser  that  generates  peak  accelerating 
gradients  of  10  GV/m  and  a  dephasing-limited  energy  gain  in 
excess  of  1  GeV. 

II.  Theoretical  Background 

This  section  reviews  analytical  models  for  various  laser  and 
plasma  quantities  in  a  channel-guided,  resonant  LWFA.  These 
predictions  are  later  compared  with  LWFA  simulations  using  a 
two-dimensional  laser  propagation  code. 

A.  Equilibrium  Spot  Size  and  Intensity 

For  optical  guiding  in  a  LWFA,  it  is  desirable  to  minimize 
any  oscillations  in  the  laser  spot  size  tl.  A  matched  (constant 
spot-size)  optical  beam  can  occur  if  beam  expansion  caused  by 
diffraction  is  exactly  balanced  by  the  refraction.  An  exact  equi¬ 
librium  exists  for  a  beam  with  a  Gaussian  radial  profile  and  a 
plasma  channel  with  a  parabolic  radial  profile.  For  a  Gaussian 
laser  beam,  the  laser  electric  field  E^and  vector  potential  Al 
scale  as  exp(-'r^/r|).  The  laser  amplitude  is  expressed  by  the 
normalized  vector  potential  a  —  e\AL\/Tnc^ .  The  parabolic 
density  channel  profile  is  given  by  n{r)  =  no  +  Anr^/r^;^, 
where  Vch  is  the  channel  radius.  With  these  assumptions,  the 
equilibrium  or  matched  beam  radius  is  [3],  [5],  [8] 

fM  =  {'rlhh're^nY/'^  (3) 

where  Ve  ~  ^  jmc?  is  the  classic  electron  radius.  Equation 
(3)  assumes  the  laser  power  is  small  compared  with  the  critical 
powers  for  relativistic  [3],  [6],  [8]-[12]  or  nonlinear  atomic  [6] 
focusing,  an  assumption  that  is  generally  valid  in  the  resonant 
LWFA  regime.  The  radial  profiles  for  the  normalized  vector  po¬ 
tential  a{r)  and  plasma  density  n(r)  are  shown  in  Fig.  1  for  an 
example  with  An /no  —  2  and  Vch/tm  =  3. 

The  choice  of  Vch  is  somewhat  arbitrary  in  practice  because 
the  behavior  of  the  laser  pulse  is  insensitive  to  n(r )  for  r  >  tm  • 
In  the  simulation  model  used  in  this  paper  [11],  [36],  it  is  de¬ 
sirable  to  limit  the  plasma  density  far  from  the  axis,  so  the 
plasma  density  is  assumed  to  be  constant  for  r  >  Vch-  This  as¬ 
sumption  is  reflected  in  Fig.  1.  If  no  limit  is  imposed  on  the 
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Fig.  ] .  The  radial  protlle.s  for  the  normalized  vector  potential  ^/( ;  )  and  plasma 
den.sity  77.(/  )  for  a  Gaussian  laser  pulse  (dashed  line)  propagating  at  the  matched 
spot  size  tm  in  a  parabolic  plasma  density  channel  (solid  line).  The  channel  has 
on-axis  density  /Jo,  normalized  channel  depth  A/j/z/q  —  2,  and  channel  radius 

^  c/i  —  3?’ A/  , 


density,  the  number  of  free  parameters  defining  the  channel 
may  be  reduced  from  three  to  two  by  defining  a  single  nom¬ 
inal  channel  radius  in  which  the  normalized  channel  depth 
An/no  =  1.  The  two  definitions  of  the  channel  radius  are  thus 
related  by  r*,,  =  ?•,./,/( An/n.o)^/^;  so  =  2.12  in  Fig.  1. 

A  shallow  or  weak  channel  has  r*/,  ^  r  /\/,  whereas  a  deep  or 
strong  channel  has  ~  tm.  Extremely  deep  channels  with 
Kh  ^  are  probably  not  practical  and  are  not  considered  in 
this  study. 

The  evolution  of  7l(^)  niay  be  described  by  an  envelope 
equation  [3],  [8],  [42]  that  may  include  other  refractive  contri¬ 
butions,  such  as  relativistic  guiding.  If  the  focused  radius  r\)  is 
near  the  matched  beam  radius  r*y\/,  so  that  |?‘()  -  |  <  the 

spot  size  r£(^) undergoes  envelope  oscillations  with  a  period 

A,.  =  ttZm  =:  Tr'^rjjfX.  (4) 

Here,  Zm  =  is  the  Rayleigh  length  associated  with  the 

matched  beam  radius. 

Although  the  equilibrium  spot  size  is  independent  of  the  laser 
parameters  in  this  model,  the  accelerating  gradient  in  a  resonant 
LFWA  is  a  sensitive  function  of  the  ratio  of  the  pulse  length 
to  the  plasma  wavelength.  It  is  convenient  to  characterize  the 
linkage  between  the  pulse  length  and  the  plasma  density  by  the 
resonance  ratio,  a,.,  defined  as  the  ratio  of  the  pulse  length  to 
the  plasma  wavelength  [32] 

(y.r  =  CTi/Xp.  (5) 

Thus,  the  plasma  wavelength  A^^  =  cTL/ar.  and  the  on-axis 
density  is 


no  ^ 


(6) 


The  linkage  between  the  laser  pulse  length  and  the  spot  size 
may  be  illustrated  by  expressing  tm  by  ?>/,.  and  the 

normalized  channel  depth  An /no.  The  (squared)  matched  spot 
size  is  given  by 


.2  =  (/L\ 

Vtt/  rv,.(A7/y?io)^/2 


KiJl 

(Yr 


(7) 


where  the  second  form  is  in  terms  of  the  nominal  channel  radius 
Kh  —  '^cii/{An/noy^‘^.  From  this  scaling  in  (7),  it  is  apparent 
that  long  pulse  length  tends  to  increase  the  spot  size.  Although 


the  matched  radius  given  in  (3)  is  independent  of  the  on-axis 
density  no.  there  are  practical  limits  on  how  large  the  normal¬ 
ized  channel  depth  An/no  can  be  or,  equivalently,  how  small 
7;^  can  be. 

The  matched  beam  intensity  for  a  Gaussian  pulse  is  given  by 
/()  —  2Po/7Trlj.  The  peak  intensity  /q  of  the  matched  laser 
pulse  in  the  channel  will  thus  be  determined  by  the  channel  pa¬ 
rameters  and  the  peak  laser  power  Py.  The  laser  intensity  is  often 
expressed  by  the  laser  strength  parameter  ao,  which  is  defined  as 
the  maximum  value  of  the  normalized  vector  potential  a  within 
the  laser  pulse.  The  square  of  the  laser  strength  parameter  is  re¬ 
lated  to  the  intensity  by 


On  = 


2(i^X^lo  dr^A^Po 


(8) 


M 


For  a  resonant  LWFA  accelerator,  it  is  desirable  to  choose  laser 
and  channel  parameters  so  that  ay  ~  1. 


B.  Electric  Field  Models 

The  accelerating  electric  field  in  a  LWFA  scales  with  the  char¬ 
acteristic  field  Eo  given  in  (1).  This  quantity  is  the  usual  1-D 
nonrelativistic  wavebreaking  field.  The  peak  accelerating  field 
P,,,  in  a  LWFA  depends  primarily  on  Py,  ay,  and  ri,..  For  a  res¬ 
onant  LWFA,  the  peak  field  is  generally  located  at  a  point  that 
is  approximately  a  plasma  wavelength  behind  the  head  of  the 
pulse.  Analytical  and  numerical  estimates  of  P„,  have  been  re¬ 
ported  by  Sprangle  et  al.  [35]  and  Esarey  et  al  [3]  using  the 
1-D  nonlinear  Poisson  equation.  Their  results  suggest  a  general 
scaling  for  a  linearly  polarized  laser  pulse  that  can  be  expressed 
in  the  following  form: 

= ""  (1  +'S)./3 

Here,  aE  is  an  overall  scale  factor,  and  the  function  S{(Xr)  de¬ 
pends  on  the  pulse  shape.  The  numerical  results  reported  by 
Esarey  et  al.  [3]  suggest  that  (ye  ^  0.8,  and  resembles  a 
sine  curve  peaked  near  cri  -  Ap/2.  The  validity  of  this  choice 
for  aE  and  S{ar)  —  sin  tt^,.  is  examined  in  Section  III-B, 
using  the  two-dimensional  (2-D)  simulation  code. 

C.  Dephasing  and  Energy  Gain 

Dephasing  occurs  because  an  electron  moving  at  axial  ve¬ 
locity  v-  ^  c  will  eventually  slip  out  of  the  accelerating  and 
focusing  portion  of  the  wakefield  because  of  the  difference  be¬ 
tween  the  particle  velocity  and  the  wake  phase  velocity.  The 
phase  velocity  pj/i  of  the  wake  is  approximately  equal  to  the 
group  velocity  (ip:  of  the  laser  pulse  in  the  plasma  channel.  If  we 
include  the  finite  spot-size  correction  to  the  group  and  phase  ve¬ 
locities  [6],  [40]  and  neglect  other  contributions,  the  wake  phase 
velocity  is 

(10) 

The  last  term  in  (10)  is  the  spot-size  correction  to  f^j.  The  nor¬ 
malized  slippage  rate  relative  to  a  particle  moving  at  c  is  Af^,  = 
1  -  (i,.  Dephasing  is  assumed  to  occur  when  the  wake  slips  by 
a  distance  A^;/4  relative  to  a  particle  moving  at  r*.  The  factor  of 
4  develops  because  although  one-half  of  the  wake  cycle  has  an 
accelerating  electric  field,  electrons  on  the  second  half  of  the 
accelerating  cycle  experience  a  defocusing  radial  electric  field 
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that  expels  them  from  the  channel.  The  dephasing  distance  La 
is,  therefore 

Ap/4A;3p.  (11) 

This  analysis  neglects  contributions  to  the  pulse  group  ve¬ 
locity  from  relativistic  quiver  motion  and  atomic  focusing  in 
the  intense  laser  field  and  uses  the  on-axis  value  of  the  plasma 
density.  Simulations  that  test  the  validity  of  this  assumption  are 
described  in  Section  IV.  The  analysis  also  assumes  that  the  rela¬ 
tivistic  factor  7e  associated  with  the  particle,  averaged  over  the 
acceleration  cycle,  is  much  greater  than  7^  =  (1  - 

Most  analyzes  of  dephasing  neglect  the  finite  spot-size  con¬ 
tribution.  In  this  case,  the  uncorrected  laser  pulse  group  velocity 
(and  wake  phase  velocity)  is  (igo  ^  1  —  A^/2Ap,  the  uncorrected 
dephasing  length  is  Ldo  =  Ap/2A^,  and  the  phase  velocity  rel¬ 
ativistic  factor  is  7p  =  Ap/A. 

However,  the  spot-size  correction  to  the  group  velocity  [6], 
[40]  is  frequently  important  in  the  regime  for  LWFAs.  The  effect 
is  to  increase  the  phase  slippage  rate  by  a  factor  (1  -|-  ceg) ,  where 

as  =  Ap/TT^r^.  (12) 

This  effect  reduces  the  dephasing  length  and  the  dephasing-lim- 
ited  energy  gain.  Simulations  that  confirm  the  importance  of  re¬ 
taining  this  correction  are  presented  in  Section  IV-B. 

The  dephasing-limited  energy  Wd  is  obtained  by  averaging 
the  electric  field  over  the  quarter-cycle  dephasing  distance.  In 
the  linear  regime,  the  wakefield  is  sinusoidal;  so  the  average 
accelerating  field  (Ez)  =  2Eml'^‘  If  we  neglect  the  spot-size 
correction,  this  leads  to  the  usual  dephasing  limit  on  energy  with 
the  relativistic  factor  jdo  given  by 

7do  =  2iEm/Eo){Xl/X^).  (13) 

Applying  the  finite  spot-size  correction  [6],  [40]  to  the  de¬ 
phasing  length,  and  using  (9)  for  Em  with  5(ar)  =  sin  Trar 
the  dephasing  limited  energy  relativistic  factor  7^^  becomes 

_  aEalXl  sin  war 

(l  +  Q,)(l  +  a2/2)i/2A2-  ^  ^ 

In  the  limit  7^  >  1,  the  dephasing-limited  energy  is  Wd  — 
m(?^d^ 

As  an  example,  consider  a  Ti-sapphire  laser-driven  LWFA 
system  with  A  0.8  fim,  tl  —  100  fs,  and  ao  —  0.5,  prop¬ 
agating  in  a  density  channel  with  q;^.  —  0.5,  rc/i  =  100  /xm, 
and  An /no  =  5.  The  on-axis  density  for  this  case  is  3.1  x 
10^^  cm“^,  the  plasma  wavelength  A^  ==  60  /xm,  the  nom¬ 
inal  channel  radius  =  44.7  /xm,  the  matched  spot  size 
vm  =  29.2  /xm,  the  wavebreaking  field  Eq  =  53.5  GV/m, 
and  the  laser  power  Pq  =  7.16  TW.  From  (9),  the  model  cal¬ 
culates  the  peak  accelerating  field  Em/Eo  =  0.0943,  and  thus 
Em  =  5.04  GV/m.  The  spot-size  correction  factor  1  -h  o^s  = 

I. 427.  The  dephasing  length  from  (10)  and  (11)  is  therefore 

II. 8  cm,  which  leads  to  a  dephasing-limited  energy  gain  Wd  of 
380  MeV.  Wd  may  be  increased  by  increasing  the  laser  power 
and  lowering  the  plasma  density  while  holding  tl,  X,rch,  and 
An /no  unchanged.  For  example,  choosing  Pq  =  25  TW  and 
no  =  2  X  lO^’^  cm“^,  gives  Em  =  10.2  GV/m,  Ld  =  21.4  cm, 
and  Wd  =  1400  MeV.  These  parameters  represent  an  attractive 
point  design  for  a  future  gigaelectronvolt-class  LFWA. 
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III.  Simulation  of  Laser  Guiding  and  Wakefield 
Generation 

A.  Description  of  Simulation  Model 

This  section  describes  simulations  of  laser  guiding  in  plasma 
channels  in  the  regime  appropriate  for  resonant  LFWAs.  The 
simulations  employed  the  axisymmetric  laser  electromagnetic 
(LEM)  code  originally  described  by  Sprangle  et  al  [10]  and 
Krall  et  al  [11],  [36].  The  code  has  been  used  more  recently  to 
describe  laser  guiding  in  capillary  discharge  experiments  [26], 
[27],  [30],  [32],  [33]  and  LFWAs  [30],  [32],  [33]. 

LEM  calculates  laser  fields  and  plasma  response  in  a  frame 
moving  with  the  pulse  at  the  speed  of  light,  with  independent 
variables  r,  (^  =  z  ~  ct,  and  r  =  t.  The  model  uses  the  normal¬ 
ized  potentials  f  and  a,  where  f  =  e^/mc^,  a  =  eA/mc^, 
and  $  and  A  are  the  scalar  and  vector  potentials.  It  is  assumed 
that  the  laser  wavelength  A  satisfies  A  <C  Ap  and  \  Zr.  This 
allows  the  laser  pulse  evolution  and  plasma  response  to  be  cal¬ 
culated  on  a  slow  time  scale.  The  laser  evolution  is  described 
by  a  wave  equation  for  a/,  the  slowly  varying  amplitude  of  the 
normalized  vector  potential  of  the  laser  pulse.  The  fast  laser  os¬ 
cillations  are  described  by  a/  =  a/  exp(x/coC)/2  -f  c.c.  (where 
c.c.  denotes  the  complex  conjugate)  and  ko  =  27r/A. 

The  plasma  is  assumed  to  be  a  cold  relativistic  electron  fluid 
with  immobile  ions.  The  pulse  length  ctjt  is  assumed  to  be  much 
shorter  than  the  Rayleigh  length.  The  short  pulse  length  assump¬ 
tion  is  embodied  in  the  quasistatic  approximation  [35].  This  im¬ 
plies  that  the  equations  describing  the  plasma  response  neglect 
derivatives  in  r  and  involve  only  r  and  C-  As  described  in  [11, 
Appendix],  it  is  possible  to  reduce  the  plasma  response  to  a 
single  equation  of  the  form  where 

the  normalized  wake  potential  ^  f  —  az  and  G  is  a  compli¬ 
cated  function  of  the  normalized  potentials. 

LEM  shares  many  features  with  the  WAKE  code  developed  by 
Mora  and  Antonsen  [43]-[45]  and  has  been  used  for  similar  ap¬ 
plications.  Both  codes  separate  the  fast-time  scale  optical  fre¬ 
quency  from  the  slow-scale  plasma  response  and  employ  the 
short-pulse  quasistatic  approximation.  Neither  code  provides  a 
direct  treatment  of  accelerated  electrons  that  move  with  the  laser 
pulse.  The  primary  difference  between  the  codes  is  that  WAKE 
can  treat  the  plasma  response  using  simulation  particles.  The 
particle  simulation  version  of  WAKE  can  treat  regions  where  the 
plasma  exhibits  strong  instabilities  or  nearly  complete  electron 
expulsion  (cavitation)  near  the  axis  where  LEM  may  fail.  How¬ 
ever,  the  results  presented  in  this  paper  are  in  a  stable  regime 
where  the  fluid  model  used  in  LEM  should  be  valid. 

A  primary  quantity  of  interest  is  the  spot  size  rL(C5 't).  LEM 
has  the  option  of  initiating  the  laser  pulse  in  vacuum  and  fo¬ 
cusing  it  onto  the  entrance  of  the  plasma  channel  at  a  focused 
spot-size  radius  ro  [26],  [27].  However,  in  the  simulation  de¬ 
scribed  below,  the  pulse  is  initiated  in  the  plasma  channel  with 
ro  rM-  The  simulation  also  calculates  a  single  characteristic 
spot  size  rL{z).  This  quantity  is  calculated  at  a  reference  point 
C{z)  that  originates  at  the  center  of  the  pulse  at  z  =  0  and 
moves  back  in  the  pulse  frame  at  the  nominal  group  velocity 
PgQC  =r  (1  -  X‘^/2Xp)c  of  the  pulse.  (This  does  not  include  the 
spot-size  correction  to  the  group  velocity.)  Because  the  spot  size 
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Fig.  2.  Characteristic  spot  size  from  two  LEM  simulations  with  pulse 

lengths  for  r;,  =  100  fs  (solid  line)  and  400  fs  (dashed  line).  The  laser  has 
A  =  0.8  fim  and  (Iq  —  0.5,  the  channel  has  Vef,  =  100  //m  and  An/no  =  5, 
and  the  resonance  ratio  has  n  ,.  =  cTfJXjy  ~  0.5.  The  on-axis  plasma  density 
is  /?o  =3.1x10^’’  cm”‘^  for  the  100-fs  pulse  and  is  a  factor  of  16  lower  for  the 
longer  pulse.  The  oscillations  in  /7,(  .:  )  are  centered  near  the  expected  matched 
radii  of  29.2  //m  (100-fs  case)  and  58.4  //m  (400-fs  case). 

is  close  to  its  matched  value,  oscillations  in  have  modest 
amplitudes. 

B,  Evolution  of  Pulse  Envelope  and  Intensity 

The  analytical  model  described  in  Section  II-A  predicts  that 
a  Gaussian  beam  injected  into  a  parabolic  density  channel  with 
ro  ^  tm  will  propagate  at  a  nearly  constant  spot  size  with  small 
amplitude  envelope  oscillations  at  the  period  given  by  (4). 
Simulations  in  the  high-density  regime  for  capillary  discharges 
experiments  [30],  [32]  agree  well  with  the  analytical  model  for 
both  spot-size  and  envelope  oscillation  periods.  The  agreement 
between  simulation  and  theory  is  examined  here  for  the  lower 
density  LWFA  regime. 

An  example  is  shown  in  Fig.  2,  which  plots  the  character¬ 
istic  spot  size  rL{z)  for  =  100  and  400  fs  from  two  LEM 
simulations.  The  laser  had  A  —  0.8  pm  and  =  0.5;  the 
channel  had  rv/,.  =  100  //m,  =  44.7  pm,  and  An/uo  —  5; 

and  the  resonance  ratio  was  a,.  =  ctl/Xj,  =  0.5.  The  on-axis 
plasma  density  was  no  —  3.1  x  10^"  cm“^  for  the  100-fs  pulse 
and  was  a  factor  of  16  lower  for  the  longer  pulse.  The  calcu¬ 
lated  values  for  the  matched  beam  radius  r^/  for  the  two  cases 
based  on  (3)  or  (7)  are  29.2  //,m  and  58.4  /y.m,  respectively. 
As  expected,  r/,  in  the  simulations  oscillates  about  an  average 
near  these  matched  values.  The  damping  in  the  spot-size  oscil¬ 
lations  seen  in  the  100-fs  simulation  is  caused  by  nonparaxial 
effects  in  the  wave  equation,  resulting  in  envelope  modulation 
and  phase-mix  damping.  This  phenomenon  has  been  discussed 
in  recent  papers  by  Sprangle  et  al  [37]~[39]  and  Esarey  and 
Leemans  [40]. 

Fig.  3  provides  surface  plots  of  the  normalized  intensity 
a?[r,  C)  at  injection  {z  =  0)  and  at  =  10.8  cm  for  the 
n  =  100-fs  simulation  shown  in  Fig.  2.  At  z  =  0,  the  front 
of  the  pulse  is  at  C  =  0,  and  at  its  point  of  maximum  intensity 
(r  =  0,  C  =  -30  pm),  o?  —  =  0.25.  At  z  =  10.8  cm,  the 

changes  in  the  pulse  are  modest  even  though  it  has  propagated 
over  30  Rayleigh  lengths.  The  peak  intensity  is  slightly  higher, 
and  there  is  a  modest  increase  in  /‘^(C)  iri  back  of  the  pulse. 
The  most  obvious  effect  is  the  slippage  of  the  pulse  in  the 


Fig.  3.  Surface  plots  of  the  normalized  intensity  (P{i\  C)  at  injection  =  0) 
and  at  r  =  10.8  cm  for  the  T/^  =  l()()-fs  simulation  shown  in  Fig.  2.  At  c  =  0 
(a),  the  front  of  the  pulse  is  at  C  =  0.  and  at  its  point  of  maximum  Intensity 
(/•  =  0,  =  —30  //m),  (P  =  =  0.25.  At  c  =  10.8  cm  (b),  the  changes  in 

the  pulse  are  modest  even  though  it  has  propagated  over  30  Rayleigh  lengths. 
The  pulse  has  slipped  back,  and  there  is  a  modest  increase  in  the  peak  intensity. 

speed-of-light  frame,  with  the  peak  intensity  moving  from  its 
initial  location  at  C  =  ”30  pm  to  (  ^  -45  pm  at  z  =  10.8  cm. 

However,  for  very  short  pulse  lengths  and  long  propagation 
distances,  relativistic  and  nonparaxial  effects  can  distort  the 
pul.se  substantially.  Fig.  4  plots  the  a^('r,  ()  at  z  =  0  [Fig.  4(a)] 
and  3.6  cm  [Fig.  4(b)]  for  a  pulse  with  ri  —  50  fs  and 
?io  —  1 .24  X  10^^  cm“^.  At  z  =  3.6  cm,  the  peak  intensity  has 
increased  by  almost  a  factor  of  two  from  its  initial  value,  and 
f7.^(0,  ()  rises  more  slowly  in  the  front  of  the  pulse  and  drops 
quickly  after  the  peak  is  attained.  However,  as  discussed  in 
Section  IV-A,  the  propagation  distance  (3.6  cm)  is  more  than  a 
factor  of  two  beyond  the  dephasing  length  and,  thus,  is  beyond 
the  regime  of  interest  for  an  LWFA. 

A  similar  simulation  with  ao  =  0.1  instead  of  0.5  exhibits 
much  less  distortion  and  does  not  show  the  large  increase  in 
peak  intensity.  This  suggests  that  relativistic  effects  are  playing 
a  major  role  in  the  propagation  of  the  pulse  shown  in  Fig.  4. 
One  potential  candidate  for  producing  the  observed  pulse  distor¬ 
tion  is  the  relativistic  modulational  instability  (RMI)  [6],  [46]. 
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Fig.  4.  Normalized  intensity  a^(r,  C)  at  ~  =  0  (a)  and  3.6  cm  (b)  for  a  pulse 
with  tl  ~  50  fs  and  no  =  1.24  x  10^®  cm~^.  In  (b),  the  peak  intensity  has 
increased  by  almost  a  factor  of  two  from  its  value  at  injection,  and  a^(0,  () 
rises  more  slowly  in  the  front  of  the  pulse  and  drops  quickly  after  the  peak  is 
attained. 


Fig.  5.  Surface  plots  of  the  axial  electric  field  Es{r,  Q  from  the  simulation 
shown  in  Fig.  3.  The  top  (a)  is  at  2:  =  0;  the  bottom  (b)  is  at  2^  =:  10.8  cm.  The 
maximum  accelerating  gradient  occurs  at  the  first  minimum  of  =  0,  ()■ 


The  RMI  is  caused  by  the  interplay  between  self-phase  mod¬ 
ulation  and  group  velocity  dispersion.  In  one  dimension,  RMI 
leads  to  the  growth  of  the  laser  pulse  amplitude  in  the  back  of 
the  pulse,  consistent  with  that  observed  in  Fig.  4(b).  This  is  in 
contrast  to  the  situation  with  a  long  laser  pulse  {ctl  >  A^).  In 
the  long  pulse  case,  the  RMI  is  less  important,  and  the  propaga¬ 
tion  is  dominated  by  the  development  of  Raman  instability  on 
the  trailing  end  of  the  pulse  [43]. 

C.  Wakefield  Generation  and  Resonance  Ratio 

The  simulation  described  in  the  previous  section  generates 
an  axial  wakefield  capable  of  accelerating  electrons  to  high  en¬ 
ergies.  Fig.  5  gives  surface  plots  of  Ez{r.  C)  ^1  the  same  two 
locations  as  in  Fig,  3.  The  maximum  accelerating  gradient  oc¬ 
curs  at  the  first  minimum  of  —  0,  C)-For^  =  0, this  point 
occurs  at  (  =■  —60  /xm,  where  the  on-axis  field  is  —5.04  GV/m. 
At  z  =  10.8  cm,  the  peak  field  has  increased  to  6.02  GV/m, 
and  the  location  has  slipped  back  approximately  15  ^m.  The 
increase  in  the  field  amplitude  at  this  location  is  consistent  with 
the  modest  increase  in  the  peak  in  shown  in  Fig.  3(b). 


From  (1)  and  (9),  the  predicted  peak  axial  electric  field 
Em  =  5.15  GV/m.  The  simulation  peak  field  Ems{^)  varies 
as  the  pulse  propagates.  It  undergoes  oscillations  that  reflect 
the  envelope  oscillations  shown  in  Fig.  2  and  has  a  moderate 
long-term  secular  increase,  as  described  in  the  next  section. 
An  average  of  Ems{^)  over  an  envelope  oscillation  near 
injection  gives  Ems  =  5.34  GV/m,  which  is  3.7%  above  the 
analytical  estimate. 

Another  aspect  of  the  analytical  model  that  can  be  tested  nu¬ 
merically  is  the  dependence  of  Em.  in  (9)  on  the  resonance  ratio 
ar  =  ctl  /  Ap  and  the  choice  of  the  electric  field  scale  factor  «£;. 
The  value  of  Em  in  the  previous  paragraph  assumed  aE  —  0.8 
and  5(0:^)  =  sin  Fig.  6  plots  the  normalized  peak  electric 
field  EmIEo  from  a  series  of  simulations  in  a  density  channel 
with  no  —  2  X  10^’^  cm"^,  uq  =  0.7,  An/no  ~  5,  and 
r^h  =  100  ^m.  These  simulations  use  the  initial  Gaussian  pro¬ 
file  laser  pulse  at  2:  =  0  and  do  not  evolve  self-consistently. 
Each  simulation  used  a  different  value  for  the  pulse  length  n 
and  thus  a  different  The  solid  curve  represents  the  theoret¬ 
ical  result  from  (9)  with  the  nominal  scaling  choice  =  0.8, 
and  the  asterisks  are  the  code  results.  The  slight  asymmetry  seen 
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TABLE  I 

Comparison  of  Analytical  and  Simulation  Results  for  Channel-Guided  Laser  Wakefield  Accelerators  with  Different  Pulse  Lengths 


(fs) 

f'c 

(cm'5 

P. 

(TW) 

(urn) 

Lis 

(urn) 

(GV/m) 

(GV/m) 

AA. 

50 

1.24x10'** 

3.65 

20.7 

20.0 

10.3 

12.0 

4.32x1  O'" 

4.73x10"' 

100 

3.1x10'’ 

7.30 

29.2 

28,5 

5.15 

5.34 

1. 27x10"' 

1.31x10"' 

200 

7.75x10''' 

14.6 

41,3 

40.5 

2.57 

2.50 

4. 12x10-' 

3.95x10'' 

400 

1.94x10'^ 

29.2 

58.4 

57.3 

1.29 

1.04 

1.51x10'' 

1.43x10'’ 

Fig.  6.  The  normalized  peak  electric  field  /£■()  from  a  scries  of  simulations 
in  a  density  channel  with  Hq  =  2  x  10^^  cm”'\  no  —  0.7.  A////U)  =  5,  and 
/'c/,  =  100  //m.  Each  simulation  used  a  different  value  for  the  pulse  length 
Tf,  and  thus  a  different  fVr.  The  simulations  results  are  for  the  initial  Gaussian 
profile  laser  pulse  at  =  0.  The  solid  curve  represents  the  theoretical  result 
from  (9)  with  the  nominal  scaling  choice  o  p:  =  0.8,  and  the  asterisks  arc  the 
code  results. 

in  the  numerical  results  resembles  the  1-D  numerical  results  re¬ 
ported  by  Esarey  et  al  [3].  The  figure  shows  that  the  form  for 
E,n  postulated  in  (9),  with  aE  =  0.8  and  5(a,.)  =  sin  tto,. 
provides  a  useful  and  reasonably  accurate  scaling  for  the  peak 
accelerating  gradient. 

D.  Scaling  with  Pulse  Length  and  Channel  Density 

A  series  of  simulations  was  carried  out  with  the  same  res¬ 
onance  ratio  ar  but  different  pulse  lengths  (and,  thus,  on-axis 
plasma  densities).  Parameters  were  similar  to  those  on  the  ex¬ 
ample  at  the  end  of  Section  II-C.  The  following  parameters  were 
held  fixed:  A  -  0.8  //-m,  ap  =  0.5,  a,.  =  ctl/Xj,  =  0.5, 
‘f'ch  =  100  /im,  and  An/rio  =  5.  Pulse  length  values  of  50, 
100,  200,  and  400  fs  were  chosen.  Table  I  shows  the  nominal 
plasma  densities  no  for  the  four  values  of  tl  and  compares  the 
analytical  results  for  the  spot  size  r^y/,  peak  accelerating  field 
Em.,  and  dephasing  slippage  rate  A  ftp  with  simulation  results. 

The  matched  spot  size  r^j  as  calculated  from  the  analytical 
model  in  (3)  or  (7)  is  generally  slightly  larger  than  the  simulation 
value  rMS  for  all  four  values  of  tl.  The  simulation  values  are 
from  an  average  ofri  over  an  envelope  oscillation.  The  increase 
in  spot  size  with  tl  is  caused  by  the  smaller  values  of  and 
An.  Because  ao  is  held  fixed,  the  larger  spot  size  associated 
with  longer  pulse  lengths  implies  a  larger  laser  power  Pq.  The 
values  of  Pq  in  Table  I  were  calculated  from  (8).  Alternatively, 
we  could  hold  Pq  constant  and  allow  ao  to  vary.  The  scaling 


Fig.  7.  Peak  normalized  accelerating  electric  field  E,„„/Ea  versus 
normalized  propagation  distance  t/A^,  for  the  four  simulations  described  in 
Table  1.  The  following  parameters  were  held  fixed:  A  =  0.8  //m,  (Iq  =  0.5, 
o,.  =  (‘TijXf,  —  0.5,  /■,./,  =  100  //m.  and  A/////0  =  5.  Because  r/o 
and  o,.  are  held  constant,  the  analytical  model  predicts  E,„/Efi  =  0.0943, 
independent  of  t/,  and  .r.  The  modest  systematic  decrease  in  with 
increasing  is  not  predicted  by  the  analytical  model. 

implications  of  this  approach  are  examined  in  a  related  paper 
by  Hubbard  et  al.  [32]. 

The  scaling  of  the  peak  electric  field  Em.  is  also  listed  in 
Table  I,  along  with  the  corresponding  simulation  values  Pnr.s- 
Although  the  simulation  results  are  similar  to  the  analytical  cal¬ 
culations,  Ems  is  larger  than  Em  for  the  50-fs  pulse  and  is 
smaller  for  the  400-fs  pulse.  In  addition,  the  shorter  pulse  sim¬ 
ulations  show  a  systematic  increase  with  propagation  distance 
2;  that  can  be  attributed  to  the  increase  in  the  peak  intensity  dis¬ 
cussed  in  Section  III-B,  These  effects  are  exhibited  in  Fig.  7, 
which  plots  Em/Eo  versus  normalized  propagation  distance 
z/Xp  for  the  four  simulations.  Because  ao  and  ar  are  held  con¬ 
stant,  (9)  predicts  Em/Eo  =  0.0943,  independent  of  tl  and  2;. 
The  modest  systematic  decrease  in  Ems  with  increasing  is 
not  predicted  by  the  analytical  model. 

The  phase  slippage  rates  included  in  the  table  lead  to  the  de¬ 
phasing  limitations  on  energy  gain  and  are  discu.s.sed  in  the  next 
section. 

IV.  Simulation  of  Dephasing  Effects 
A.  Determination  of  Simulation  Phase  Slippage  Rates 

The  relationship  between  the  normalized  wake  phase  velocity 
ftp  and  the  dephasing  limits  on  electron  energy  gain  in  an  LWFA 
was  discussed  in  Section  II-C.  The  LEM  simulation  code  can  be 
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Fig.  8.  Location  ~(e  of  the  peak  accelerating  gradient  versus  ^  for  the  four 
simulations  listed  in  Table  I,  with  fixed  parameters  the  same  as  in  Fig.  7.  Both 
distances  are  normalized  to  the  plasma  wavelength.  The  oscillations  in  Cs 
correlate  with  envelope  oscillations  in  the  spot  size  such  as  those  shown  in  Fig. 
2.  The  slopes  of  the  individual  curves  determine  the  simulation  phase  slippage 
rates  A/^p^.  Values  of  and  the  corresponding  analytical  slippage  rate 

A(3p  are  listed  in  Table  I. 

used  to  calculate  the  wake  phase  velocity  directly  by  monitoring 
the  location  (e  of  the  first  and  deepest  minimum  of  Ez{r  — 
0,  C)  as  a  function  of  propagation  distance  z.  The  simulation 
phase  slippage  rate  APps  —  1  -  Pps  may  be  defined  as 

AA.  =  -(^)  (15) 

where  the  brackets  represent  an  average  over  many  envelope 
oscillations  and  may  be  determined  by  the  slope  of  a  straight 
line  fit  to  a  plot  of  (e  as  a  function  of  z.  The  simulation  value 
may  then  be  compared  with  the  analytical  phase  slippage  rate 
App  —  1  -  Pp  from  (10). 

Fig.  8  plots  ~(e  versus  ^  for  the  four  simulations  listed  in 
Table  1.  Both  distances  are  normalized  to  the  plasma  wave¬ 
length.  As  expected,  the  slope  and  slippage  rate  is  much  higher 
for  the  short  pulse  cases.  The  oscillations  in  (e  are  caused  by 
envelope  oscillations  in  the  spot  size,  such  as  those  shown  in 
Fig.  2.  The  slopes  of  the  individual  curves  determine  the  sim¬ 
ulation  phase  slippage  rates  APps,  which  are  listed  in  Table  1. 
The  analytical  slippage  rates  App  based  on  (10)  are  also  listed 
in  the  table.  The  agreement  between  simulation  and  theory  is 
within  i0%  in  all  cases. 

The  dephasing  length  Lds  in  the  simulations  is  the  distance 
at  which  (e/^p  has  changed  by  0.25.  Using  (11),  it  can  also 
be  calculated  from  the  slippage  rate,  so  that  Lds  =  Xp/AAPps. 
The  dephasing-limited  energy  gain  can  be  estimated  from  the 
simulation  values  for  the  peak  accelerating  field  Ems  and  the 
dephasing  length  Lds 

lUd.  =  {2/7r)EmsLds^  (16) 

This  estimate  does  not  take  into  account  a  number  of  effects, 
including  the  apparent  secular  increase  in  Ems  with  propagation 
distance  exhibited  in  Fig.  7  for  short  pulse  lengths.  Test  particle 
tracking  calculations  using  the  actual  fields  from  the  simulation 
could  be  used  to  predict  the  energy  gain  more  accurately. 

Fig.  9  plots  both  the  dephasing  length  and  the  dephasing  lim¬ 
ited  energy  gain  as  functions  of  pulse  length  for  the  parameters 
listed  in  Fig.  7.  The  solid  curve  gives  Ld  from  (10)  and  (11), 
and  the  asterisks  are  the  corresponding  simulation  values  Lds 
based  on  Apps  in  Table  I.  The  dashed  line  is  the  model  calcula¬ 
tion  of  the  dephasing-limited  energy  gain  based  on  (14),  and  the 
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Fig.  9.  The  dephasing  length  and  the  dephasing  limited  energy  gain  as 
functions  of  pulse  length  for  the  parameters  used  in  Fig.  7  and  Table  I.  The 
solid  curve  gives  Ld  from  (10)  and  (11),  and  the  asterisks  are  the  corresponding 
simulation  values  Lds  based  on  APps  in  Table  I.  The  dashed  line  is  the 
model  calculation  of  the  dephasing-limited  energy  gain  based  on  (14),  and  the 
triangles  are  the  simulation  values  from  (16). 

triangles  are  the  simulation  values  from  (16).  The  agreement  be¬ 
tween  the  analytical  and  simulation  models  for  both  quantities  is 
within  a  few  percent  in  all  cases.  There  is  a  substantial  increase 
in  both  the  dephasing  length  and  the  dephasing-limited  energy 
gain  for  longer  pulse  lengths.  Because  Ld  exceeds  1  m  for  the 
longer  pulse  length  cases,  the  effective  acceleration  length  La 
and  thus  the  final  electron  beam  energy  are  likely  to  be  limited 
by  practical  limitations  on  the  channel  length  rather  than  by  de¬ 
phasing.  In  addition,  because  ao  is  fixed,  and  vm  increases  with 
tl,  the  peak  laser  power  is  also  larger. 

B.  Effect  of  the  Spot  Size  and  Normalized  Intensity 
on  the  Phase  Slippage  Rate 

The  analytical  slippage  rate  App  given  by  (10)  may  be  ex¬ 
pressed  by  the  spot  size  correction  factor  as  as 

A/3/=^(l+a.)  (17) 

where  is  given  by  (12).  Although  there  is  generally  good 
agreement  between  the  phase  slippage  rate  APp  from  the  ana¬ 
lytical  model  and  the  corresponding  simulation  rate  APps,  the 
cases  discussed  so  far  do  not  isolate  the  spot-size  contribution. 
A  more  exacting  test  is  to  hold  all  simulation  parameters  fixed 
except  the  channel  radius  Vch-  This  causes  tm  to  vary  according 
to  (3)  or  (7),  whereas  Xp  remains  fixed.  The  spot-size  correction 
factor  as,  thus,  varies  according  to  (12). 

A  series  of  simulations  was  carried  out  with  parameters  sim¬ 
ilar  to  those  in  Table  I,  except  that  the  pulse  length  was  fixed  at 
Tl  —  100  fs  and  ao  =  0.3  instead  of  0.5  to  reduce  any  rela¬ 
tivistic  effects  on  the  slippage  rate.  The  channel  radius  Vch  was 
chosen  to  be  50, 100, 200,  and  400  pm,  with  An/no  =  5;  so  <h 
was  22.4, 44.7, 89.4,  and  179  pm,  respectively.  The  channel  had 
no  =  3.1x10^^  cm“^;soAp  =  60  /xm  and  the  laser  wavelength 
A  =  0.8  pm.  Results  from  these  four  simulations  are  given  in 
Table  II.  The  agreement  between  simulation  and  theory  for  the 
slippage  rates  is  close,  with  the  spot-size  effect  clearly  apparent. 
The  results  are  represented  graphically  in  Fig.  10,  which  plots 
A/?p  as  a  function  of  tm  from  (17)  for  the  nominal  simulation 
parameters.  The  asterisks  are  the  individual  simulation  values. 

Table  II  also  shows  two  cases  in  which  the  normalized  inten¬ 
sity  ao  is  raised  to  0.6.  This  was  done  to  test  for  the  possible 
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TABLE  II 

Comparison  op  Analytical  and  Simulation  Ri^sults  for  Channel-Guided  Laser  Wakefiei.d  Accei.hrators  with  Dieperent 

Channel  Radii  and  Laser  Spot  Sizes 


Case 

^ch 

(Hm) 

A 

(TW) 

Tu 

(nm) 

A/?,. 

1 

50 

0.3 

1.31 

20.7 

0.856 

i.esxio"* 

1  65x10"' 

2 

100  ; 

0.3 

2.63 

29.2 

0.427 

l.lTxlO-* 

1.25x10"' 

3 

200 

0.3 

5,25 

41.3 

0,214 

l.OSxlO"* 

1.05x10"' 

4 

400 

0.3 

10.5 

58.4 

0.107 

0.98x10"' 

1  00x1  O'' 

5 

50 

0.6 

5.26 

20,7 

0.856 

1.65x1  o' 

1.69x1  O'' 

6 

400 

0.6 

42.0 

58.4 

0,107 

0.98x1 0"* 

1.05x10"' 

I’m  (Mm) 

Fig.  10.  Results  from  an  analytical  calculation  and  simulations  that  test 
the  validity  of  the  laser  spot  size  correction  to  the  slippage  rate 
given  in  (17).  The  curve  is  the  analytical  result,  and  the  asterisks  are  from 
individual  simulations.  The  following  parameters  were  fixed:  =  100  fs, 

//()  =  3.1  X  10^'  cm~^AJ,  =  6i)  fim.  All / If 0  =  .5,  A  =  0.8  //m  and 
«o  =  0,3.  The  spot  size  was  varied  in  the  simulations  by  changing  the 
channel  radius  I’ch .  which  was  chosen  to  be  50,  100.  200,  and  400  //m.  Results 
are  also  given  in  Table  IL  The  agreement  between  the  theory  and  simulation 
is  excellent. 

role  of  relativistic  effects  on  the  slippage  rate.  Inclusion  of  rel¬ 
ativistic  corrections  to  the  plasma  wavelength  would  result  in  a 
modest  increase  in  the  pulse  group  velocity  |3],  [18],  [47],  [48], 
[50],  If  we  assume  that  the  wake  phase  velocity  equals  the  pulse 
group  velocity,  the  normalized  wake  slippage  rate  would 
be  lower  at  for  the  larger  ao  cases.  However,  comparing  Case  5 
with  Case  1  and  Case  6  with  Case  4  in  Table  II,  the  higher  inten¬ 
sity  cases  do  not  show  a  reduction  in  its  value  is  actually 

slightly  higher  for  the  higher  intensity  cases. 

The  modest  increase  in  with  increasing  observed  in 
these  simulations  is  consistent  with  the  results  of  Decker  and 
Mori  [47],  [50].  Their  simulations  showed  an  increase  in  the 
slippage  rate  of  the  peak  electric  field  with  ao,  even  though  the 
slippage  rate  A/i^o  of  the  pump  pulse  itself  decreased  with  ao- 
This  effect  has  also  been  seen  in  other  LEM  simulation  reported 
by  Hubbard  et  al.  [32].  For  simplicity,  the  analysis  presented  in 
Section  II-C  assumes  that  the  wake  phase  velocity  is  indepen¬ 
dent  of  the  intensity. 


c-r 


Fig.  11.  Simulation  plot  of  E^^{i\  C)  at  c  =  13.5  cm  for  a  prototype 
gigaclectronvolt-class  LWFA.  Laser  parameters  arc:  A  =  0.8  //m,  T[,  =  100 
fs,  and  F(,  =  25  TW,  and  channel  parameters  arc:  /Oi  —  2  x  10'~  cm“'\ 
(o,.  =  0.4),  /•,./,  =  100  //m.  and  =  5.  The  peak  axial  electric  Held 

averaged  over  an  envelope  oscillation  is  10.2  GV/m,  the  simulation 
dephasing  length  is  L,/.,  =  20.9  cm,  and  the  dcphasing-limited  energy  is 
Uj,  =  1.3GGeV. 


C  Example  of  a  Gigaelectmnvolt  LWFA 

The  simulations  in  the  previous  sections  were  intended  pri¬ 
marily  to  make  comparisons  with  the  analytical  models.  This 
section  describes  a  simulation  at  slightly  higher  intensities  that 
is  intended  to  produce  large  energy  gain  and  high  accelerating 
gradients.  This  simulation  has  -  100  fs,  Po  —  25  TW, 
71,0  =  2  X  10^^  cm“^,  An/iio  =  5,  7Vh  —  100  /im,  and 
To  =  30  pm.  Fig.  1 1  plots  E^{r,  ()  at  z  =  13.5  cm.  The  peak 
axial  electric  field  averaged  over  an  envelope  oscillation 
is  10.2  GV/m,  the  simulation  dephasing  length  —  20.9 
cm,  and  the  dephasing-limited  energy  W^js  =  1.3G  GeV.  The 
analytical  model  values  for  these  performance  quantities  are 
E,r,  =  10.2  GV/m,  =  21.4  cm,  and  W,i  =  1.40  GeV;  so 
the  agreement  is  excellent. 
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V.  Summary 

Optical  guiding  is  expected  to  play  a  crucial  role  in  future 
experiments  on  LFWAs.  Plasma  channels  provide  the  most  ob¬ 
vious  means  for  providing  this  guiding.  For  a  given  set  of  laser 
and  channel  parameters,  a  channel-guided  LWFA  may  be  char¬ 
acterized  by  the  spot  size  tm,  the  peak  accelerating  axial  elec¬ 
tric  field  Em,  and  the  dephasing-limited  energy  gain  Wd.  This 
paper  has  presented  analytical  models  that  estimate  these  quan¬ 
tities  and  compared  the  results  from  a  laser  propagation  simula¬ 
tion  code. 

The  pulses  in  the  simulations  propagate  with  an  average  spot 
size  VMS  that  is  close  to  the  matched  value,  and  there  is  usually 
little  change  in  the  pulse  shape  over  many  Rayleigh  lengths.  An 
exception  occurs  for  very  short  pulses,  which  can  be  distorted 
because  of  nonparaxial  effects.  The  short  pulse  effects  are 
consistent  with  recent  analyzes  by  Sprangle  et  al.  [37]-[39] 
and  Esarey  and  Leemans  [40],  The  peak  electric  field  Ems  in 
the  simulations  generally  agrees  well  with  the  analytical  value 
Em,  but  exhibits  additional  features.  For  example,  the  ratio 
Ems /Em  systematically  decreases  with  increasing  tl  (and 
decreasing  plasma  density  no)-  Also,  shorter  pulses  (:<100  fs) 
exhibit  a  slow  increase  in  Em  as  the  pulse  propagates.  The 
variation  in  the  simulation  peak  electric  field  Ems  with  the 
resonance  ratio  ar  =  ctl/Xp  is  similar  to  the  sin  irar  scaling 
postulated  in  Section  II-B,  but  the  peak  occurs  near  ar  ~  0.4 
instead  of  0.5. 

Analytical  estimates  of  the  dephasing  length  La  in  a  LWFA 
are  made  based  on  standard  models  for  the  wake  phase  velocity 
j3p  or  phase  slippage  rate  A/3p.  These  are  compared  with  simu¬ 
lation  phase  slippage  rates  APps  that  are  determined  by  moni¬ 
toring  the  instantaneous  location  of  the  peak  axial  electric  field 
in  the  pulse.  The  analytical  estimates  include  a  finite  spot-size 
correction  to  Pp,  and  the  simulations  confirm  the  importance  of 
retaining  this  correction.  The  dephasing-limited  energy  gain  Wd 
is  estimated  in  the  analytical  model  from  the  peak  field  Em  and 
dephasing  length  Ld^  The  corresponding  values  from  the  simu¬ 
lation  can  be  used  to  determine  the  simulation  dephasing-lim- 
ited  energy  gain  Wds  •  The  simulations  generally  agree  well  with 
the  analytical  predictions  and  confirm  the  usefulness  of  these 
models  in  designing  future  experiments  on  LFWAs. 
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Experimental  Verification  of  Laser  Photocathode  RF 
Gun  as  an  Injector  for  a  Laser  Plasma  Accelerator 

Mitsuru  Uesaka,  Kenichi  Kinoshita,  Takahiro  Watanabe,  Jun  Sugahara,  Toru  Ueda,  Koji  Yoshii,  Tetsuya  Kobayashi, 
Nasr  Hafz,  Kazuhisa  Nakajima,  Fumio  Sakai,  Masaki  Kando,  Hideki  Dewa,  Hideyuki  Kotaki,  and  Shuji  Kondo 


Abstract — The  feasibility  of  the  laser  photocathode  RF  gun, 
BNL/GUN-IV,  as  an  injector  for  a  laser  plasma  accelerator  was 
investigated  at  the  subpicosecond  S-band  twin  linac  system  of  the 
Nuclear  Engineering  Research  Laboratory,  University  of  Tokyo. 
Electron  beam  energy  of  16  MeV,  emittance  of  Stt  mm*mrad, 
bunch  length  of  240  fs  (FWHM),  and  charge  per  bunch  of  350  pC 
were  confirmed  at  10  Hz.  As  for  diagnosis  of  the  femtosecond 
electron  bunch,  the  quantitative  comparison  of  performance  of 
the  femtosecond  streak  camera,  the  coherent  transition  radiation 
(CTR)  Michelson  interferometer,  and  the  far-infrared  polychro- 
mator  was  carried  out.  We  concluded  that  the  streak  camera  is 
the  most  reliable  up  to  200  fs  and  that  the  polychromator  is  the 
best  for  the  shorter  electron  bunch.  The  3.5-ps  (rms)  resolved 
synchronization  between  the  YLF  laser  driver  for  the  gun  and  the 
electron  bunch  was  achieved.  Based  on  the  above  experiences,  we 
have  designed  and  installed  a  much  better  laser-electron  synchro¬ 
nization  system  using  the  Kerr-lens  mode-locked  Ti:  Sapphire 
laser  with  the  min  harmonics  synchrolocker  and  the  stable  15-MW 
klystron.  The  timing  jitter  is  expected  to  be  surpressed  down  to 
320  fs  (rms). 

Index  Terms — Diagnosis,  femtosecond  electron  bunch,  injector 
for  laser  plasma  accelerator,  laser  photocathode  RF  gun,  linac- 
laser  synchronization. 


wavebreaking  has  been  proposed,  and  the  particle  in  cell  in 
two-dimensions  (PIC-2D)  simulations  were  first  performed  by 
Hafz  et  al  [16].  At  present,  the  laser  photocathode  RF  gun 
looks  the  most  promising  from  the  point  of  view  of  technical 
feasibility.  It  is  also  important  to  develop  diagnostic  methods  to 
evaluate  ultrashort  electron  bunches  less  than  hundreds  of  fem¬ 
toseconds  with  reliability.  So  far,  the  zero-phasing  method  [17], 
the  strip-line  monitor  [18],  the  femtosecond  streak  camera  [19], 
[20],  the  CTR  interferometer  [21]-[24],  and  the  far-infrared 
polychromator  [25]  have  been  proposed  and  tested.  Among 
them,  we  did  careful  and  quantitative  comparison  among  the 
streak  camera,  the  CTR  interferometer,  and  the  polychromator 
using  the  subpicosecond  electron  linac. 

II.  Requirement  of  an  Injector  for  a  Laser  Plasma 
Accelerator 

At  the  working  group  of  the  international  workshop  on 
second-generation  laser  and  plasma  accelerators,  the  require¬ 
ment  of  an  injector  for  a  laser  plasma  accelerator  was  discussed 
in  details  [26].  It  was  set  as  follows. 


1.  Introduction 

According  to  recent  remarkable  development  and 
progress  of  table-top  terawatt  femtosecond  lasers,  the 
possibility  of  a  1-GeV  laser  plasma  accelerator  has  become 
promising.  The  candidates  as  an  injector  for  it  are  the  laser 
photocathode  RF  gun  [l]-[5],  the  plasma  cathode  [6]-[8],  the 
inverse  free  electron  laser  [9],  the  pulsed  photodiode  [10],  and 
the  W-band  linac  [11].  As  for  the  RF  gun,  the  BNL/GUN-IV 
was  installed  at  the  second  linac  of  the  subpicosecond  S-band 
twin  linac  system,  and  its  overall  performance  was  investi¬ 
gated  under  the  University  of  Tokyo/KEK/JAERI/Sumitomo 
Heavy  Industries  collaboration  on  laser  wakefield  acceler¬ 
ation  [12]-[15].  On  the  other  hand,  a  new  idea  of  plasma 
cathode  based  on  a  terawatt  femtosecond  laser  beam  and  wake 
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TABLE  I 

Specification  and  Achieved  Data  for  an  Injector  for  a  Laser  Plasma  Acceit-rator 


E  (MeV) 

Ne 

Q  (pC) 

Em 

(jt  mm.mrad) 

o,  (pm) 

jitter  (fs) 

rep.  rate 

(Hz) 

Specs  (1) 

>5 

1.5  10* 

24. 

10 

15. 

45. 

10 

Specs  (2) 

>5 

1.5  10’ 

2.4 

1 

1.5 

4.5 

10 

RF-Gun  +  booster 

+magn.  Compressor 

17 

2.10'' 

350pC 

6 

72 

3.5ps 

320  (design) 

10 

Laser  photocathode 


Fig.  1.  S-band  laser  photocathode  RF  gun  and  18L  linac. 


where 

cTinj  elecrtron  beam  spot  size; 

Rp  radius  of  the  plasma  channel; 

E  amplitude  of  the  electric  field  in  the  plasma  wave; 

Eo  wavebreaking  limit  of  the  plasma  wave. 

Based  on  the  requirement,  we  formed  the  following  two  sets  of 
specifications: 

1)  no  —  10^^  cm“^,  Nc  =  1.5  x  10^,  —  15  /^m, 

At  =  45  fs,  En  =  IOtt  mm.mrad; 

2)  no  -  10^®  cm“^,  =  1.5  x  10'^,a-.  -  1.5  //m, 

At  =  4.5  fs,  £n  =  Itt  mm.mrad. 

The  repetition  rate  of  a  driver  laser  is  10  Hz  according  to  the 
state-ofiart  technical  feasibility  of  laser  amplifiers.  The  speci¬ 
fication  and  achieved  data  from  our  system  are  summarized  in 
Table  I. 

III.  Laser  Photocathode  RF  Gun  and  Linac 

Configuration  of  the  S-band  second  linac  with  the  laser  pho¬ 
tocathode  RF  gun,  BNL/GUN-IV,  is  drawn  in  Fig.  1.  It  con¬ 
sists  of  the  gun,  one  2-m-long  S-band  accelerating  tube,  a  chi¬ 
cane-type  magnetic  bunch  compressor,  and  several  diagnostic 
devices.  The  design  of  the  beam  transport  and  magnetic  bunch 
compressor  was  performed  by  using  SUPERFISH,  POISSON, 
and  PARMELA  [14].  The  pulsewidth  of  the  YLF  laser  driver 
of  1 1  ps  full-width  at  half  maximum  (FWHM),  the  charge  per 
bunch  of  1  nC,  and  the  7-MW  RF  fed  into  the  gun  were  used 
so  that  5.2-MeV,  8-ps  (FWHM),  1-nC  electron  bunch  was  ob¬ 
tained.  The  cathode  material  is  copper.  After  the  accelerating 


tube  with  a  maximum  field  gradient  of  100  MV/m,  the  beam 
parameters  are  16  MeV,  8  ps  (FWHM),  1  nC  and  energy  spread 
is  2%.  The  bunch  compression  yields  200  fs  (FWHM)  without 
electron  loss. 

Overall  evaluation  of  the  performance  of  the  gun  and  linac 
was  carried  out  by  using  the  diagnostic  devices,  such  as  the 
quad-scan,  energy  analyzer,  Faraday  cup,  and  streak  camera 
with  200-fs  resolution  at  FWHM  (Photonics  Hamamatsu, 
Japan,  FESCA-200).  Measured  beam  energy,  emittance,  energy 
spread,  pulsewidth,  and  charge  per  bunch  as  a  function  the  RF 
gun  phase  are  shown  in  Figs.  2-5.  The  emittance  measurement 
was  done  after  acceleration  up  to  16  MeV  and  without  using 
the  chicane.  As  shown  in  Figs.  2-5,  the  maximum  energy  of 
3.33  MeV,  the  lowest  emittance  of  Gtt  mm.mrad,  the  shortest 
pulsewidth  of  10  ps,  and  the  maximum  charge  of  2  nC  were 
obtained  at  the  different  phases.  Thus,  we  have  to  choose  the 
phase  according  to  what  we  want  as  a  priority.  Results  of  bunch 
shapes  without  and  with  the  bunch  compression  are  given  in 
Fig.  6.  The  1 3-ps  bunch  is  compressed  to  440  fs  at  FWHM.  The 
best  pulse  compression  was  done  around  the  phase  of  the  best 
emittance.  After  this  measurement,  we  performed  the  calibra¬ 
tion  of  the  streak  camera  using  the  86-fs  (FWHM)  Ti :  Sapphire 
laser  (Spectra-Physics,  Tsunami).  The  86-fs  laser  pulse  was 
elonged  to  390  fs.  Thus,  according  to  the  error  propagation  law, 
the  error  at  the  camera  was  estimated  to  be  370  fs  (FWHM).  We 
found  that  this  error  mainly  attributed  to  the  degradation  of  the 
microchannel  plate  (MCP)  in  the  streak  tube.  If  we  assume  the 
independent  Gaussian  distributions  for  both  the  electron  bunch 
and  the  error,  the  error  propagation  law  gives  the  bunch  length 
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Fig.  2.  Beam  energy  versus  gun  RF  phase. 


Linac  RF  phase(deg) 

Fig.  3.  Normalized  emittance  and  energy  dispersion  versus  linac  RF  phase. 

of  240  fs  (FWHM)  after  the  error  reduction.  When  we  do  not 
assume  the  Gaussian  and  evaluate  and  use  the  error  propagation 
function  from  all  measured  data,  the  bunch  length  becomes 
290  fs  (FWHM).  After  this  experiment,  we  have  replaced  the 
degraded  MCP  with  a  new  one,  the  error  of  which  has  been 
evaluated  to  be  240  fs  by  the  same  procedure. 

Recently,  the  BNL/GUN-IV  is  operated  at  BNL,  APS, 
SLAC-GTF,  UCLA,  and  here.  Updated  measured  results  of 
electron  microbunches  from  the  gun  are  summarized  in  [27], 
and  the  other  remarkable  measured  results  are  200  fs  and 
0.5  mm.mrad  with  40  pC.  Further,  the  inverse  free  electron 
laser  with  CO2  laser  yielded  2.5-/im  (8-fs)  micromultibunches 
[9].  We  are  sure  to  reduce  the  charge,  emittance,  and  bunch 
length  by  controlling  the  laser  spot  size  at  the  cathode  of  the 
RF  gun  to  fulfill  the  specification  [28],  [29].  Smaller  values 
derived  by  simulation  from  one  operating  mode  of  Neptune 


Gun  RF  phase  (deg) 


Fig.  4.  Pulsewidth  (FWHM)  versus  gun  RF  phase. 


Gun  RF  phase  (deg) 


Fig.  5.  Charge  per  bunch  versus  gun  RF  phase. 

photoinjector  are  17  pC,  15.9  MeV,  0.2  /mm.mrad,  and  42  /xm 
(cr^;  140  fs)  for  reference. 

Hajima  et  al  analyzed  the  effect  of  normal  space-charge 
force,  noninertial  space-charge  force,  and  coherent  radiation 
force  on  the  emittance,  energy  spread,  and  bunch  shape  by 
their  computer  code,  and  we  carried  out  the  measurement  at 
this  linac  in  1998  [30].  They  calculated  the  total  emittance 
growth  of  297r  mm.mrad,  an  energy  shift  of  240  keV,  and  bunch 
broadening  from  100  fs  to  500  fs  (FWHM),  assuming  1  nC 
per  bunch  at  the  chicane.  We  measured  the  energy  shift  of  94 
keV,  but  not  the  emittance  growth  and  bunch  broadening  for 
0.6  nC  per  bunch.  The  calculated  energy  shift  of  105  keV  for 
0.6  nC  agrees  well  with  the  measurement.  Calculated  emittance 
growth  was  57r  mm.mrad  for  0.6  nC,  but  we  could  not  measure 
it.  Disagreement  could  be  attributed  to  the  change  of  the  beam 
parameters  during  the  measurement.  We  plan  to  measure  it 
again  later. 

Other  important  aspects  of  the  RF  gun,  to  be  precisely  inves¬ 
tigated  and  overcome,  are  dark  current  and  degradation  of  the 
quantum  efficiency  (QE).  We  have  been  continuing  the  careful 
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Fig.  6.  Pulse  shapes  without  and  with  compression  measured  by  the 
femtosecond  streak  camera. 
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observation  and  treatment.  Measured  dark  currents  as  a  function 
of  the  RF  field  and  feeding  repetition  rate  at  the  gun  for  5-  and 
8-//,s  RF  pulses  are  shown  in  Fig.  7.  The  100-MV/m  corresponds 
to  7-MW  RF  power  fed  into  the  gun.  It  is  clear  that  the  longer 
8-/XS  RF  pulse  yields  more  dark  current  by  one  order.  We  usually 
operate  the  gun  at  4-//,s  RF  pulse  at  50  Hz,  here  the  dark  current 
is  35  nA,  0.7  nC  per  RF  pulse,  and  0.06  pC  per  bunch.  This  was 
reduced  by  a  factor  of  2  at  the  beam  transport  and  chicane  so 
that  the  value  per  RF  pulse  became  about  the  same  as  350  pC 
measured  for  a  440Ts  photoemitted  election  bunch.  However, 
the  dark  current  within  the  main  photoemitted  bunch  is  about 
0.03  pc,  which  is  negligible.  Instead,  surrounding  satellites  of 
dark  current  would  be  serious  as  an  injector  to  a  plasma  accel¬ 
erator.  The  influence  of  RF  aging,  laser  cleaning,  and  vacuum 
on  QE  was  observed  as  shown  in  Fig.  8.  QE  is  evaluated  using 


QE  = 


hcQ 

eWX 


(6) 


where 

Q  charge  per  bunch  from  the  gun  measured  by  the 
Faraday  cup; 

W  UV  laser  energy; 

A  wavelength  of  the  UV  light  (265  nm); 

h  Planck  constant; 

c  speed  of  light; 

e  charge  of  an  electron. 


60  70  80  90  100  110 


RF-field(MV/m) 

(a)  RF-field  vs  dark  current 


RF  pulse  repetition  rate(Hz) 

(b)  RF  pulse  repetition  vs  dark  current 


Fig.  7.  Evaluation  of  dark  current. 

QE  was  degraded  from  4.5  x  to  0.5  x  10“'^  because  of 
about  5  h  X  10  days  RF  aging  with  8-//,s  RF  pulse  and  averaged 
power  of  2.8  kW.  Then,  the  laser  cleaning  operation  of  a  few 
hours  per  day  with  a  4-/is  RF  pulse  recovered  QE  gradually, 
as  shown  in  the  figure.  Especially,  it  was  remarkably  recovered 
up  to  1.4  X  10“^^  by  the  installation  of  a  new  vacuum  pump  of 
NEQ,  although  we  observed  a  temporary  decrease  because  of  a 
bad  vacuum  condition  during  the  installation.  The  vacuum  in  the 
gun  without  RF  feeding  was  improved  from  3  x  10~^  ton*  to  the 
region  of  10“^^  torn  Thus,  as  reported  in  [4],  [31],  and  [32],  the 
main  sources  of  QE  degradation  are  poor  vacuum  and  surface 
contamination,  and  the  proper  laser  cleaning  is  necessary. 

IV.  Electron  Bunch  Diagnosis 

For  the  purpose  of  diagnosing  ultra.short  electron  bunches, 
several  methodologies,  such  as  the  zero-phasing  method,  the 
strip-line  monitor,  the  femtosecond  streak  camera,  and  the 
CTR  interferometer,  have  been  developed  and  evaluated.  We 
have  been  using  the  femtosecond  streak  camera  since  1995  as 
a  major  diagnostic  tool  [20].  Because  its  limitation  of  reso¬ 
lution  is  200  fs  (FWHM),  we  introduced  the  CTR  Michelson 
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Fig.  8.  Typical  history  of  degradation  and  recovery  of  QE. 


Femtosecond  Streak  Camera 


interferometer  [24]  after  having  tested  the  Martin-Pupplett 
interferometer  [14],  Further,  we  have  tried  the  far-infrared 
polychromator,  which  consists  of  one  grating,  10-ch  InSb 
bolometer  array,  and  cryostat,  for  single-shot  measurement 
[25],  The  power  spectmm  of  CTR  can  be  obtained  shot  by  shot 
by  using  it.  The  shot-by-shot  diagnosis  is  useful  and  important 
for  investigating  the  fluctuation  and  instability  of  RF  linacs. 
Thus,  we  have  prepared  the  diagnostic  tools  in  both  temporal 
and  spectral  regions.  It  is  important  to  have  more  than  two 
methodologies  based  on  different  physics  to  confirm  the  results. 

We  have  simultaneously  performed  the  comparison  of 
measurement  of  subpicosecond  electron  pulses  among  the 
femtosecond  streak  camera,  the  Michelson  interferometry, 
and  the  polychromator  measurement,  as  shown  in  Fig.  9.  The 
measurement  was  done  using  the  first  linac  with  the  90-keV 
thermionic  gun.  Because  it  can  also  generate  a  subpicosecond 
electron  bunch  [20],  it  is  not  a  problem  for  checking  their 
time  resolutions.  We  measured  the  transition  radiation  in  the 


Fig.  10.  Spectrum  of  CTR. 


far-infrared  region  emitted  by  an  electron  bunch  at  the  Al-foil 
in  the  air  after  the  50-^m-thick  Ti  window  at  the  end  of  the 
first  linac  with  the  thermionic  gun.  We  used  liquid  He-cooled 
Si  bolometers  as  a  detector  for  the  far-infrared  radiation.  The 
major  beam  parameters  are  as  follows:  the  energy  was  34  MeV, 
the  pulse  length  is  about  600  fs  (FWHM),  and  the  electron 
charge  per  bunch  is  controlled  to  be  from  10  to  100  pC, 
avoiding  the  overscale  of  the  detectors. 

The  longitudinal  distribution  is  evaluated  based  on  the 
theory  of  coherent  transition  radiation.  The  longitudinal  bunch 
form  factors  obtained  by  the  two  methods  were  rather  limited 
because  of  the  nonuniform  transparency  of  the  100-^m~thick 
Mylar  beam  splitter  in  the  Michelson  interferometer  and 
measurement  region  that  depends  on  the  grating  pitch  (1.0  mm) 
installed  in  the  polychromator.  Therefore,  we  have  to  adopt 
theoretical  extrapolation  assuming  the  Gaussian  or  exponential 
distributions  out  of  the  range,  referring  to  the  pulse  shape 
measured  by  the  streak  camera.  The  CTR  spectrum  calculated 
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Fig.  11.  Bunch  distributions  obtained  by  the  femtosecond  streak  camera,  CTR  Michelson  interferometer,  and  far-infrared  polychromctcr. 


from  the  interferogram  and  by  the  polychromator  are  shown 
by  the  solid  curves  and  the  transparency  of  the  beam  splitter 
by  the  dashed  curve  in  Fig.  10.  From  the  figure,  we  decided 
to  use  the  experimental  data  in  the  range  of  9.5  to  18.0  cm“^ 
for  the  analysis  in  the  inteiferometry,  whereas  the  measurable 
range  of  the  polychromator  was  already  determined  from  12.2 
to  26.2  cm“^  discretely  by  the  1-mm  grating  pitch. 

Finally,  we  reconstructed  the  longitudinal  bunch  distributions 
after  using  Kramers-Kronig  relation  to  derive  the  phase  infor¬ 
mation.  The  result  of  the  subpicosecond  pulse  measurement  by 
the  interferometry  and  that  by  the  polychromator  were  650  fs  ps 
at  FWHM,  as  shown  in  Fig.  1 1.  The  typical  result  by  the  streak 
camera  is  also  shown  in  the  same  figure.  Here,  we  have  reason¬ 
able  agreement  and  confirm  enough  reliability  of  the  diagnostics 
methods  by  the  CTR  measurement. 

Up  to  200  fs  (FWHM),  the  streak  camera  is  the  best  because 
direct  bunch  shape  can  be  obtained  shot  by  shot.  However,  we 
expect  that  the  CTR  methods  are  promising  for  the  shorter  elec¬ 
tron  beam  than  200  fs  with  better  resolution,  because  the  co¬ 
herent  spectrum  shifts  from  the  far-infrared  region  to  the  in¬ 
frared  or  visible  region  where  the  sensitivity  of  the  detector  be¬ 
comes  better.  Especially,  the  polychromator  can  be  expected  to 
be  the  most  powerful  method  because  of  the  advantage  of  diag¬ 
nostics  by  a  single  shot. 

V  Electron-Laser  Synchronization 

In  a  future  laser  plasma  accelerator  with  a  laser  photocathode 
RF  injector,  one  laser  driver  is  to  supply,  via  a  passive  beam 
splitter,  two  laser  pulses  for  both  electron  emission  at  the  RF 
gun  and  wakefield  generation  in  a  plasma.  Because  the  time 
period  of  the  wake  would  be  very  short  as  200  fs,  the  reduc¬ 
tion  of  timing  jitter  between  the  electron  bunch  and  original 
laser  pulse  is  important.  We  previously  evaluated  the  timing 
jitter  between  the  3-TW  100-fs  laser  and  our  first  linac  with  the 
thermionic  gun  to  be  3.7  ps  (rms)  [33].  Here,  we  synchronized 
them  via  the  master  RF  of  1 19-MHz,  RF  synchronized  trigger 
pulses  and  timing  stabilizer  at  the  fundamental  RF  frequency 


(Spectra-Physics,  Lok-to-clock).  The  laser  and  electron  pulses 
were  simultaneously  measured  in  the  same  streak  image  at  100 
times.  The  histogram  of  the  time  difference  gives  the  standard 
deviation  of  3.7  ps,  assuming  that  the  distribution  is  Gaussian. 
Now,  we  have  done  the  same  measurement  for  the  second  linac 
and  the  YLF  laser  driver  using  the  same  streak  camera.  One  typ¬ 
ical  streak  image  is  shown  in  Fig.  12.  The  histogram  in  Fig.  13 
indicates  the  timing  jitter  of  3.5  ps  (rms)  this  time.  It  should 
be  emphasized  that  almost  the  same  jitter  is  observed,  although 
only  one  laser  driver  is  used  here.  This  is  because  the  timing 
jitter  between  the  laser  pulse  and  the  accelerating  RF  phase  still 
remains,  and  it  is  dominant  to  the  total  jitter.  The  improvement 
for  this  problem  will  be  discussed  in  Section  VI. 

VI.  Next  Project  at  University  of  Tokyo 

A  new  femtosecond,  ultrafast  quantum  phenomena  research 
facility  has  been  installed  at  the  laboratory  in  1999.  Here,  the 
upgraded  femtosecond  S-band  twin  linac  system  mentioned  in 
Section  V,  the  12-TW  50-fs  laser.  X-ray  diffraction  analysis  de¬ 
vices,  X-ray  CCD  camera  system.  X-ray  photo-electron  spec¬ 
troscopy  (XPS)  device,  and  the  Fourier  transform  infrared  spec¬ 
troscopy  device  (FTIR)  have  been  installed  as  shown  in  Fig.  14. 

In  order  to  achieve  subpicosecond  linac-laser  synchroniza¬ 
tion,  we  have  designed  and  constructed  a  new  system  intro¬ 
ducing  the  most  advanced  technologies,  as  shown  in  the  left- 
hand-side  of  Fig.  14.  The  design  is  based  on  the  achievement  at 
FELIX  of  FOM,  where  the  timing  jitter  between  the  electron  and 
FEL  pulse  is  400  fs  (rms)  [34J.  The  technologies  are  a  Kerr-lens 
mode-locked  Ti :  Sapphire  laser  with  the  timing  stabilizer  at  the 
min  harmonics  RF  (Coherent,  Santa  Clara,  CA,  Synchro-lock), 
the  compact  laser  amplifiers,  one  stable  I5-MW  klystron  RF 
power  supplier  (Mitsubishi,  Hami,  Japan,  Modifed  PV-3015), 
temperature-controlled  (within  1  ^C)  laser  clean  room  (CLASS 
10000),  the  vacuum  laser  transport  line,  and  so  on.  Timing  jit¬ 
ters  between  the  electron  and  laser  pulses  in  the  previous  and 
new  systems  are  evaluated  in  Table  II.  Kobayashi  etal.  achieved 
77-fs  (rms)  timing  jitter  at  their  mode-locked  Ti :  Sapphire  laser 
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Fig.  1 2.  Electron  and  laser  pulses  measured  by  the  femtosecond  streak  camera. 
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Fig.  13.  Histogram  of  the  time  difference  between  the  electron  and  laser 
pulses. 


[35] .  Concerning  the  timing  jitter  at  a  laser  oscillator,  recent  pas¬ 
sive  Ti :  Sapphire  passive  mode-locker  using  the  Kerr-lens  effect 
(for  example,  Coherent,  Mira)  is  superior  to  conventional  active 
Ti :  Sapphire  mode-lockers  using  an  A/0  crystal  (for  example, 
Spectra-Physics,  Tsunami),  The  nonlinear  Kerr-lens  effect  in 
the  Ti :  Sapphire  crystal  enables  much  faster  feedback  tuning  of 


the  resonance  frequency  of  the  laser  pulses.  The  timing  stabi¬ 
lizer  operating  at  the  min  harmonics  of  the  input  RF  of  79.3  MHz 
is  also  effective.  This  is  because  the  spectral  noise  caused  by  the 
timing  jitter  is  enhanced  by  the  square  of  the  harmonic  number, 
whereas  that  caused  by  the  power  fluctuation  is  constant  [36], 
When  we  use  two  independent  klystrons  for  the  RF  gun  and  ac¬ 
celerating  tube,  respectively,  the  electron  bunch  suffer  from  the 
mutual  RF  fluctuation  between  the  two  klystrons.  In  order  to 
avoid  this  effect,  we  have  chosen  to  use  one  klystron  to  feed  RF 
into  them.  The  electron  beam  jitter  corresponds  to  the  jitter  of  of 
the  electron  bunch  behind  the  chicane  because  of  fluctuations  of 
RF  power  and  phase,  which  are  evaluated  by  the  klystron  per¬ 
formance  data  and  PARMELA  simulation.  Here,  we  used  the 
RF  voltage  fluctuation  of  0.02  dB  (rms)  and  phase  fluctuation 
of  0.2®  (rms)  based  on  the  measurement  using  another  same  type 
of  the  klystron.  The  jitter  of  the  time-of-flight  gives  the  timing 
jitter  of  300  fs  (rms)  in  the  linac.  The  total  timing  jitter  between 
the  electron  and  laser  pulses  is  expected  to  be  ~320  fs  (rms), 
according  to  (7),  in  the  new  system 

^total  ^rf  ^laser' 

We  also  plan  to  try  the  other  plasma-cathode-like  candidate 
by  using  the  12-TW  50-fs  laser.  When  the  12-TW  50-fs  laser  is 
focused  down  to  about  10  /im  in  diameter  into  a  1-mm  (j)  gas  jet 
in  a  vacuum  chamber,  laser  plasma  and  electromagnetic  wake 
wave  are  induced.  If  the  laser  vector  potential  proceeds  the  wake 
wavebreaking  limit,  the  wake  wave  energy  is  transferred  to  the 
longitudinal  energy  of  electrons  in  the  plasma.  Thus,  preaccel¬ 
eration  and  injection  of  an  electron  bunch  onto  the  wake  wave 
is  achieved.  We  call  it  as  a  laser  plasma  linac,  in  which  only  a 
single  12-TW  50-fs  laser  is  used  and  the  wake  wavebreaking  is 
sophisticatedly  handled.  PIC-2D  simulations  show  that  about  10 
fs,  a  20-MeV,  10-pC  electron  bunch  is  available  [16].  The  exper¬ 
iment  started  in  early  2000.  Electron  beam  parameters  such  as 
energy,  charge,  emittance,  and  bunch  length  are  to  be  evaluated. 
Because  the  accelerated  electron  beam  is  bunched  around  the 
stable  phase  of  the  plasma  wave,  the  timing  jitter  between  the 
beam  and  the  plasma  wave  in  a  main  laser  plasma  accelerator 
could  fulfill  the  specification  of  Table  I.  This  is  because  both 
the  plasma  waves  are  excited  by  one  multiterawatts  laser  and  a 
passive  beam  splitter. 

VII.  Conclusion 

The  feasibility  and  reliability  of  the  laser  photocathode  RF 
gun,  BNL/GUN-IV,  as  an  injector  for  a  laser  plasma  acceler¬ 
ator  were  carefully  investigated  and  evaluated.  The  17-MeV,  6-7r 
mm.mrad,  350-pC,  240-fs  (72-/xm)  (FWHM)  electron  bunch 
was  tested  and  evaluated.  According  to  the  simulation  by  Rosen- 
zwig  et  ai  [2],  we  can  reduce  the  emittance  and  bunch  length 
to  fulfill  the  specification  by  tuning  the  laser  intensity  and  re¬ 
ducing  the  change  per  bunch.  Present  timing  jitter  between  the 
drive  laser  and  electron  bunch  is  3.5  ps  (rms).  As  for  improving 
the  timing  jitter,  a  new  linac-laser  synchronization  system  to  es¬ 
tablish  320-fs  (rms)  resolution  has  been  constructed  and  is  going 
to  be  commissioned,  as  mentioned  in  Section  VI.  However,  the 
large  timing  jitter  caused  by  RF  fluctuation  is  still  serious.  We 
may  have  to  additionally  introduce  a  kind  of  feedback  control 
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Fig.  14.  Femtosecond  ultrafast  quantum  phenomena  research  facility. 


TABLE  II 

Measured  and  Designed  Timing  Jitters  (rms)  in  the  Previous  and  New  Systems 


Previous  system 
(measured) 

New  system 
(design) 

Thermionic 

Photocathode 

Photocathodc 

RF  linac  (a^f) 

a  few  ps 

a  few  ps 

300fs 

Mutual  Jitter  between 
two  klystrons  (o,^) 

a  few  ps 

a  few  ps 

'^Ofs 

Laser  (a|„.„) 

<  3ps 

<  3ps 

lOOfs 

Laser  mode-locker 

Active 
by  A/0 

Passive 
by  Kerr  lens 

Timing  stabilizer 

at  the  fundamental 
(79.3MHz) 

at  10th  harmonics 
(793  MHz) 

Total 

3.7ps 

3.5ps 

320fs 

system  in  which  the  RF  phase  in  the  gun  is  detected  and  the  laser 
pass  length  is  tuned,  for  example,  [37].  Other  important  aspects, 
such  as  dark  current  and  performance  of  QE,  are  also  under 
continuous  observation  and  close  to  being  overcome.  Although 
other  candidates,  such  as  the  inverse  free  electron  laser,  plasma 
cathode,  pulsed  photodiode,  and  W-band  linac,  have  many  ad¬ 
vantages,  enough  experimental  evidences  have  not  yet  been  ac¬ 
cumulated.  Thus,  in  order  to  make  the  laser  photocathode  RF 
gun  +  booster  -f  magnetic  bunch  compressor  be  more  feasible 


for  the  injector,  we  have  to  continue  making  efforts  to  reduce 
the  emittance,  bunch  length,  and  timing  jitter. 
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Abstract — The  goal  of  the  staged  electron  laser  acceleration 
(STELLA)  experiment  is  to  demonstrate  staging  of  the  laser 
acceleration  process  whereby  an  inverse  free  electron  laser  (IFEL) 
will  be  used  to  prebunch  the  electrons,  which  are  then  accelerated 
in  an  inverse  Cerenkov  accelerator  (ICA).  As  preparation  for  this 
experiment,  a  new  permanent  magnet  wiggler  for  the  IFEL  was 
constructed  and  the  ICA  system  was  modified.  Both  systems  have 
been  tested  on  a  new  beamline  specifically  built  for  STELLA.  The 
improved  electron  beam  (e-beam)  with  its  very  low  emittance 
(0.8  mm-mrad  normalized)  enabled  focusing  the  e-beam  to  an 
average  radius  (Icr)  of  65  /im  within  the  ICA  interaction  region. 
This  small  e-beam  focus  greatly  enhanced  the  ICA  process  and 
resulted  in  electron  energy  spectra  that  have  demonstrated  the 
best  agreement  to  date  in  both  overall  shape  and  magnitude  with 
the  model  predictions.  The  electron  energy  spectrum  using  the 
new  wiggler  in  the  IFEL  was  also  measured.  These  results  will 
be  described  as  well  as  future  improvements  to  the  STELLA 
experiment. 

Index  Terms — Carbon  dioxide  lasers,  electron  accelerators, 
electron  linear  accelerators,  inverse  Cerenkov  accelerators, 
inverse  free  electron  laser,  laser  accelerators,  linear  accelerators, 
particle  beam  measurements. 


L  Introduction 

Exciting  progress  has  been  made  in  the  last  several 
years  on  laser  accelerators,  including  energy  gains  of 
>100-MeV  and  GeV/m  acceleration  gradients  [1].  At  the 
Brookhaven  National  Laboratory  (BNL)  Accelerator  Test 
Facility  (ATF),  Upton,  NY,  there  are  two  laser  acceleration 
experiments — an  inverse  Cerenkov  accelerator  (ICA)  [2]  and 
an  inverse  free  electron  laser  (IFEL)  [3]  that  uses  an  electro¬ 
magnet  wiggler.  Both  of  these  experiments  have  been  routinely 
accelerating  electrons.  The  next  logical  step  in  the  evolution 
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of  laser  accelerators  is  to  address  the  issue  of  multiacceler¬ 
ator  module  staging  and  reacceleration  of  the  microbunches 
produced  during  the  laser  acceleration  process. 

Achieving  a  high  net  energy  gain  will  undoubtedly  require 
using  multiple  acceleration  stages  as  is  done  in  microwave 
linacs.  To  efficiently  accelerate  the  electrons  throughout 
these  stages,  it  is  necessary  to  prebunch  the  electrons  into  a 
microbunch  whose  longitudinal  length  is  a  small  fraction  of 
the  accelerating  wave.  In  laser  accelerators,  this  accelerating 
wave  can  be  an  optical  wave  with  wavelengths  of  order  10 
jim,  such  as  in  an  ICA  or  IFEL  device,  or  a  plasma  wave  with 
wavelengths  of  order  100  /xm,  such  as  in  a  plasma  heatwave  or 
Wakefield  device  [4],  [5]. 

Generating  these  optical  microbunches  is  already  occurring 
in  these  devices.  In  experiments,  such  as  the  ICA  and  IFEL,  the 
electrons  presently  interact  with  the  laser  light  over  all  phases 
of  the  lightwave.  Consequently,  some  of  the  electrons  are  ac¬ 
celerated  and  some  are  decelerated.  If  allowed  to  drift,  the  fast 
electrons  catch  up  with  the  slow  electrons,  resulting  in  a  lon¬ 
gitudinal  density  modulation  whose  spacing  is  the  same  as  the 
wavelength  of  the  laser  light  (e.g.,  10.6  /xm  at  the  ATF). 

Evidence  of  this  microbunching  has  already  been  detected 
from  the  IFEL  in  a  separate  experiment  [6]  using  a  coherent 
transition  rr  liation  (CTR)  diagnostic.  In  this  diagnostic,  the  mi¬ 
crobunches  pass  through  a  thin  metal  foil  and  generate  enhanced 
transition  radiation  at  the  harmonics  of  the  laser  light  [7].  This 
enhancement  over  the  spontaneous  (i.e.,  nonmicrobunched)  ra¬ 
diation  at  the  harmonics  of  the  laser  light  is  indicative  of  mi¬ 
crobunches  occurring  at  optical  wavelengths. 

Staging  requires  rephasing  the  microbunches  with  the  accel¬ 
erating  lightwave.  Efficient  acceleration  of  the  electrons  con¬ 
tained  within  a  microbunch  also  requires  capturing  the  electrons 
within  the  acceleration  potential  well.  This  implies  the  need  to 
limit  the  phase  extent  of  the  microbunch  and  to  minimize  effects 
that  can  lead  to  bunch  smearing.  The  latter  term  refers  to  elec¬ 
trons  that  for  whatever  reason  no  longer  stay  within  the  main 
bunch  distribution.  These  reasons  may  be  because  of  trajectory 
differences  of  the  electrons  within  the  microbunch,  gas  scat¬ 
tering  effects  in  the  case  of  ICA,  and  space-charge  spreading 
[8].  Although  these  effects  are  analogous  to  those  encountered 
in  microwave  linacs,  they  can  have  a  much  greater  impact  in 
laser  acceleration  because  of  the  orders  of  magnitude  shorter 
wavelengths  that  are  involved. 
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-  Modulates  electron 
energy 

-  Optimum  bunching 
distance  determined 
by  amount  of  laser 
power 


-  Needed  to  refocus 
e-beam  into  laser  accelerator 

-  Optimum  microbunching  occurs 
at  end  of  drift  region 


-  Use  existing  cel!  initially 

-  Forms  the  basic 
unit  for  scaling  ICA 


Fig.  1.  Conceptual  layout  for  the  STELLA  experiment. 


Therefore,  the  primary  goal  of  the  staged  electron  laser  ac¬ 
celeration  (STELLA)  experiment  at  the  BNL  ATE  is  to  demon¬ 
strate  effective  acceleration  by  an  ICA  acceleration  stage  of  mi¬ 
crobunches  generated  by  an  IFEL.  During  the  course  of  this  ex¬ 
periment,  other  related  issues,  such  as  generation  and  preserva¬ 
tion  of  the  microbunch  and  effective  control  of  the  rephasing 
process,  will  be  examined.  These  results  will  directly  benefit 
laser  acceleration  research  in  general  by  demonstrating  that  ef¬ 
ficient  staging  is  possible.  This  accomplishment  will  open  the 
door  to  the  next  step  of  adding  multiple  laser  acceleration  stages 
in  series  to  achieve  high  net  energy  gain. 

As  part  of  preparations  for  STELLA,  the  IFEL  was  relocated 
upstream  of  the  ICA  system.  As  described  below,  a  new  per¬ 
manent  magnetic  wiggler  was  constructed  to  replace  the  elec¬ 
tromagnet  used  during  the  previous  IFEL  experiments,  and  the 
ICA  system  was  slightly  modified.  In  parallel  to  these  prepara¬ 
tions,  the  ATF  electron  beam  (e-beam)  and  CO2  laser  were  up¬ 
graded  to  improve  their  performance  and  reliability.  Most  note¬ 
worthy  of  these  improvements  is  the  very  low  emittance  of  the 
e-beam  as  a  result  of  improvements  to  the  photocathode  RF  gun 
system,  including  the  drive  laser  [9].  This  enabled  the  e-beam 
to  be  focused  to  a  near-optimum  radius  {la  =  50-100  /im) 
within  the  ICA  interaction  region.  Hence,  during  the  process 
of  recommissioning  the  ICA  system,  new  laser-modulated  elec¬ 
tron  energy  data  were  obtained,  which  exhibited  significantly 
improved  agreement  with  the  model  predictions  compared  with 
earlier  ICA  measurements.  The  primary  subject  of  this  paper  is 
the  new  ICA  results  plus  data  from  the  IFEL  with  its  new  wig¬ 
gler,  and  their  comparisons  with  model  predictions. 

Section  II  describes  the  experiment.  The  experimental  results 
are  presented  in  Section  III.  Improvements  to  the  ICA  optical 
system  are  discussed  in  Section  IV,  and  conclusions  are  given 
in  Section  V. 

II.  Description  of  Experiment 

Details  of  the  STELLA  experiment  can  be  found  elsewhere 
[10],  [1 1]  and  are  briefly  reviewed  here.  Fig.  1  is  a  schematic  di¬ 
agram  of  the  basic  STELLA  layout.  The  e-beam  from  the  ATF 
linac,  which  consists  of  a  single  ~6-ps,  45-MeV  macropulse. 


enters  the  IFEL  prebuncher  from  the  left.  A  relatively  small 
amount  of  laser  power  is  sent  using  a  beamsplitter  to  the  IFEL 
for  modulating  the  electron  energy.  The  objective  is  to  modulate 
the  energy  just  enough  so  that  maximum  bunching  occurs  at  the 
end  of  the  drift  region  just  before  the  entrance  to  the  ICA  laser 
acceleration  stage.  The  rest  of  the  laser  power  passes  through  a 
trombone  delay  line  and  to  the  ICA  stage.  This  trombone  delay 
line  is  used  to  adjust  the  relative  phase  of  the  laser  light  in  the 
ICA  cell  with  the  microbunches  created  by  the  IFEL. 

The  electrons  in  the  macropulse  leave  the  IFEL  with  their 
energies  modulated  by  the  laser  beam  inside  the  wiggler.  This 
energy  modulation  of  the  macropulse  transforms  into  a  longitu¬ 
dinal  density  modulation  as  the  electrons  drift  between  the  IFEL 
and  the  ICA  cell.  This  density  modulation  is  characterized  by 
the  formation  of  a  train  of  microbunches  with  each  microbunch 
roughly  1  //m  in  length,  separated  by  the  laser  wavelength,  i.e., 
10.6  /im,  and  contained  within  the  6-ps  envelope  of  the  single 
macropulse.  The  c-beam  exiting  the  IFEL  is  refocused  into  the 
ICA  gas  cell  using  a  quadrupole  triplet  located  in  the  drift  re¬ 
gion. 

One  modification  made  to  the  ICA  gas  cell  is  shortening 
the  interaction  region  length  to  6.5  cm  from  its  original  20-cm 
length.  This  helps  reduce  the  effects  of  gas  scattering,  which 
tends  to  smear  out  the  microbunches  traveling  through  the  cell. 

After  the  electrons  exit  the  gas  cell,  they  enter  the  energy 
spectrometer  at  the  end  of  the  beamline.  This  spectrometer  [  1 2] 
was  specially  designed  for  the  STELLA  experiment  and  features 
a  wide  energy  acceptance  range  of  up  to  ±20%,  with  a  2%  or 
better  energy  resolution.  This  permits  the  entire  laser-modulated 
energy  spectrum  to  be  measured  during  each  shot,  which  elimi¬ 
nates  a  major  source  of  error  during  previous  ICA  measurements 
when  multiple  shots  were  needed  to  construct  the  full  spectrum 
[2]. 

Additional  characterization  of  the  microbunches  is  performed 
using  a  CTR  diagnostic  located  just  before  the  ICA  interaction 
region.  This  diagnostic  is  based  on  the  earlier  version  demon¬ 
strated  at  the  ATF  [6]. 

A  key  aspect  of  the  experiment  is  rephasing  of  the 
microbunches  with  the  laser  light  in  the  ICA  stage.  The 
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modulation  imparted  by  the  laser  beam  in  the  IFEL  defines  a 
specific  microbunch  longitudinal  density  distribution  within 
the  macropulse.  To  efficiently  trap  and  accelerate  the  mi¬ 
crobunches,  the  laser  beam  in  the  ICA  cell  must  be  properly 
synchronized  in  phase  with  the  microbunches  entering  the  cell. 
As  mentioned,  this  is  accomplished  using  the  trombone  optical 
delay  line  shown  in  Fig.  1. 

Other  than  the  shortened  interaction  region,  the  ICA  system 
is  essentially  the  same  as  during  previous  experiments.  For 
example,  it  still  features  a  radially  polarized  laser  beam  [13] 
and  an  axicon  mirror  for  focusing  the  laser  beam  onto  the 
e-beam  [14].  The  shortened  interaction  region,  however,  means 
the  laser  beam  diameter  entering  the  cell  is  smaller.  (Outer 
radius  =  1.6  mm  instead  of  5  mm.)  This  limits  the  amount  of 
laser  peak  power  that  can  be  delivered  to  the  cell  to  roughly 
<100  MW  in  order  to  avoid  damaging  the  ZnSe  input  window. 
(Future  improvements  will  be  made  to  overcome  this  limita¬ 
tion.) 

The  electromagnet  wiggler  used  in  the  previous  IFEL 
experiments  [3]  features  a  60-cm  long  sapphire  tube  with  an 
inner  diameter  of  2.8  mm,  through  which  both  the  e-beam  and 
laser  beam  must  propagate.  This  small-diameter  tube  made 
it  difficult  to  maintain  the  necessary  e-beam  quality  as  the 
e -beam  passed  through  the  wiggler  to  the  ICA  gas  cell.  To 
overcome  this  difficulty,  a  new  permanent  magnetic  wiggler 
was  designed  and  constructed  at  STI  Optronics,  Inc.,  Bellevue, 
WA,  to  replace  the  electromagnet  wiggler.  With  a  fixed-gap 
spacing  of  8.14  mm,  it  uses  a  conventional  metal  vacuum 
pipe  (ID  =  4.75  mm,  length  =  40.6  mm)  for  transmission  of 
the  e-beam  and  laser  beam.  Table  I  gives  the  other  pertinent 
specifications  for  the  new  wiggler.  Because  it  is  a  fixed-gap 
permanent  magnet  device,  achieving  proper  resonance  for 
energy  exchange  between  the  electrons  and  laser  beam  requires 
the  e-beam  energy  to  be  tuned  to  45.65  MeV. 

Because  the  STELLA  experiment  is  located  on  a  beamline 
shared  by  other  users  of  the  ATF,  the  new  wiggler  was  designed 
to  be  easily  removed  away  from  the  beamline  by  lifting  it  ver¬ 
tically  off  its  kinematic  feet  using  a  pair  of  manually  driven 
translation  stages.  This  allows  the  e-beam  to  propagate  through 
the  wiggler  vacuum  tube  without  being  affected  by  the  wiggler 
magnets.  However,  the  wiggler  was  also  designed  to  be  essen¬ 
tially  transparent  to  the  e-beam  as  it  enters  and  exits  the  wiggler. 
Hence,  in  practice,  it  has  been  unnecessary  to  lift  the  wiggler 
away  for  the  other  users. 

The  modified  ICA  system  and  the  IFEL  with  its  new  wig¬ 
gler  were  tested  separately;  i.e.,  the  wiggler  was  not  installed 
during  the  recommissioning  of  the  ICA  system,  and  the  IFEL 
was  tested  without  the  ICA  gas  cell  installed  on  the  beamline. 
Tables  II  and  III  list  the  parameters  during  the  ICA  recommis¬ 
sioning  and  IFEL  experiments,  respectively. 

III.  Experimental  Results 
A.  Inverse  Cerenkov  Accelerator 

Fig.  2(a)  shows  the  laser-off  electron  energy  spectrum 
(~150  pC),  i.e.,  the  spectrum  of  the  e-beam  after  passing 
through  the  gas  cell  diamond  windows  and  the  hydrogen  gas 
used  for  phase  matching  during  the  ICA  process,  but  without 


the  laser  beam  present.  Superimposed  on  the  data  curve  is  the 
histogram  generated  by  the  ICA  model  [15]  for  the  conditions 
given  in  Table  11.  (In  all  of  the  plots  presented  in  this  paper,  the 
data  and  the  model  are  plotted  normalized  to  the  integral  under 
their  curves.) 

The  ICA  model  is  a  Monte  Carlo  simulation  that  incorporates 
all  effects,  including  gas  scattering  by  the  diamond  windows 
and  gas.  It  does  not  include  space-charge  effects,  which  sepa¬ 
rate  analysis  indicates  will  not  have  an  appreciable  effect  on  the 
STELLA  experiment  [8]  as  long  as  the  macropulse  charge  is 
<150  pC.  (As  explained  below,  space  charge  can  have  a  much 
greater  effect  for  the  IFEL  prebuncher.) 

The  ICA  model  also  assumes  an  ideal  radially  polarized  laser 
beam.  This  point  is  important  because  the  actual  laser  beam  used 
during  the  experiment  is  not  perfectly  radially  polarized.  More¬ 
over,  it  also  contains  optical  imperfections,  such  as  interference 
fringes,  that  tend  to  reduce  the  amount  of  laser  field  available 
to  accelerate  the  electrons.  As  will  be  shown,  this  means  the 
amount  of  laser  energy  that  is  useful  for  accelerating  the  elec¬ 
trons  is  generally  less  than  is  the  amount  delivered  to  the  gas 
cell. 

The  agreement  between  the  data  and  model  for  the  laser-off 
case  is  very  good,  with  the  data  displaying  a  slightly  larger  en¬ 
ergy  spread.  This  may  be  caused  by  limitation  of  the  spectrom¬ 
eter.  In  order  to  have  a  wide  energy  acceptance  range,  the  spec¬ 
trometer  tends  to  partially  map  the  e-beam  transverse  size  at 
its  input  plane  onto  its  output  plane.  This  e-beam  image  on  the 
output  plane  then  appears  like  energy  dispersion.  Fortunately, 
the  results  of  Fig.  2(a)  seem  to  indicate  that  this  does  not  appear 
to  be  a  significant  effect. 

Fig.  2(b)  gives  the  results  with  the  laser  on.  Again,  the 
data  and  model  are  plotted  normalized  to  the  areas  under 
their  curves;  no  other  adjustments  are  made  to  their  overall 
magnitudes.  This  permits  comparing  the  shape  and  magnitude 
of  the  laser-on  cases.  This  is  the  first  time  such  an  accurate 
comparison  could  be  performed. 

The  data  and  model  exhibit  both  accelerated  and  decelerated 
electrons  because  the  electrons  interact  with  the  laser  beam  in¬ 
side  the  ICA  cell  over  all  phases  of  the  lightwave.  (Recall  the 
ATF  linac  produces  a  single  ~6-ps  e-beam  pulse,  whereas  the 
CO2  laser  pulse  is  200-300  ps  long.)  During  STELLA,  the  mi¬ 
crobunches  produced  by  the  IFEL  will  interact  over  only  a  por¬ 
tion  of  the  lightwave  phase  in  the  ICA  cell.  Hence,  depending 
on  this  phase  point,  the  microbunches  can  either  be  accelerated 
or  decelerated. 

For  the  laser-on  case,  the  model  simulation  used  the  param¬ 
eters  listed  in  Table  II,  where  an  average  e-beam  focus  radius 
(Icr)  of  65  fim  is  assumed.  Only  the  net  effective  laser  power 
delivered  to  the  interaction  region  is  a  parameter  that  must  be 
chosen.  As  explained  earlier,  it  is  known  that  the  laser  beam 
driving  the  ICA  is  not  perfect,  and  therefore,  the  peak  power 
used  in  the  model  must  be  derated  from  the  amount  measured  at 
the  entrance  to  the  cell.  The  simulation  depicted  in  Fig.  2(b)  as¬ 
sumes  a  laser  power  of  45  MW,  which  is  1.9  times  smaller  than 
what  is  being  delivered  to  the  cell.  The  very  good  fit  with  the 
data  implies  that  this  value  for  the  peak  power  is  probably  close 
to  the  true  effective  value.  However,  the  apparent  two-time  re¬ 
duction  in  the  laser  power  implies  that  not  all  of  the  laser  field 
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TABLE  1 

Measured  Specifications  for  the  STELLA  Permanent-M.agnet  Wic.gler 


Quantity 

Value 

Comments 

Period 

3.30  cm 

Overall  length 

33.0  cm 

Pole  material 

Pure  iron 

Magnet  material 

NdFeB 

Number  of  poles 

20 

Number  of  foil 

16 

First  two  magnets  at  start  and  end  of  wiggler 

strength  poles 

at  84%  and  41%  of  average  field  strength 

Wiggler  parameter,  K 

2.91 

Effective  field 

0.945  T 

Corresponds  to  45.65  MeV  resonance  energy 

Peak  field 

0,986  T 

Magnetic  gap  (fixed) 

8.14  mm 

First  integral,  Bx, 

=  *0.2  G-cm 

Ambient  field  subtracted  out  of  final  measured 

By~\9  G-cm 

values  By  is  in  direction  of  primary  field 
component  (horizontal). 

Internal  trajectory,  By,, 

Bx  not  measured 

Corresponds  to  <±60  pm  at  45  MeV  for  all  r, 

By 

-860<5y<790G-cm^ 

wiggle  averaged 

Second  integral,  By,,  By 

Bx  not  measured 

By  —  -900  G-cm^ 

Integrated  quadrupole, 

normal  and  skew 

Normal  =  15  G 

Skew  =  12  G 

RMS  optical  phase 

error 

2.6  deg. 

is  being  effectively  used.  This  issue  is  discussed  later  in  Sec¬ 
tion  TV. 

We  should  emphasize  that  the  data  shown  in  Fig.  2(b)  is  the 
first  comparison  of  a  full  laser-on  spectrum  without  the  uncer¬ 
tainties  introduced  by  combining  multiple  shots  from  different 
sections  of  the  spectrum.  Hence,  this  represents  a  marked  im¬ 
provement  over  previous  data  obtained  from  the  ICA  experi¬ 
ment. 

Additional  measurements  were  obtained  to  confirm  that 
the  amount  of  energy  modulation  scales  as  the  square-root  of 
the  laser  power  by  varying  the  laser  power  from  ^20  MW  to 
«500  MW  (damage  of  optics  began  to  occur  at  this  higher 
power  level). 


B,  Inverse  Free  Electron  Laser 

Fig.  3  shows  the  laser-on  electron  energy  spectrum  produced 
by  the  IFEL  operating  with  the  permanent  magnet  wiggler. 
[The  laser-off  spectrum  is  similar  to  Fig.  2(a).]  The  solid  line  is 
the  data,  and  the  histogram  is  the  model  prediction,  assuming 
50  MW  of  laser  peak  power  is  delivered  to  the  wiggler. 

A  different  model  from  the  ICA  one  is  used  for  the  IFEL.  It 
is  a  one-dimensional  electron  tracking  code  used  to  follow  the 
electron  dynamics  in  FEL  phase  space.  The  model  uses  a  simpli¬ 
fied  single-frequency  version  of  the  code  described  in  [  16],  and 
electron  slippage  is  neglected.  The  gain  or  loss  of  optical  power 
(and  intensity)  is  computed  self-consistently  with  the  electron 
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TABLE  II 

Experimental  Parameters  During  ICA  Recommissioning  Experiments 


Parameter 

Value 

E-beam  energy 

45  MeV 

E-beam  intrinsic  energy  spread  (1  o) 

0.28% 

E-beam  charge 

-150  pC 

Normalized  rms  emittance  {yrS) 

0.8  mm-mrad 

E-beam  size  in  center  of  gas  ceil  (1  d) 

58  pm  X  72  pm 

E-beam  pulse  length  (1  o) 

'-6  ps 

Laser  beam  peak  power  at  entrance  to  gas  cell 

87  MW 

Laser  beam  pulse  length  («FWHM) 

200-300  ps 

Average  laser  beam  radius  at  entrance  to  gas  cell 

1.6mm(OD),  0.55  mm  (ID) 

Cerenkov  angle 

20  mrad 

Diamond  window  thickness 

2.1  pm 

Hydrogen  gas  pressure 

1597  Torr 

Temperature  of  gas  cell 

70.3°  F  (21.3'^  C) 

TABLE  III 

Experimental  Parameters  During  IFEL  Tests  with  Permanent-Magnet  Wiggler 


Parameter 

Value 

E-beam  energy 

45.65  MeV 

£-beam  intrinsic  energy  spread  (1  d) 

0.1% 

E-beam  charge 

200  pC 

Normalized  rms  emittance  {yrO) 

'-'1  mm-mrad 

E-beam  pulse  length  (1  o) 

~6  ps 

Laser  beam  peak  power  delivered  to  wiggler 

«50MW 

Laser  beam  pulse  length  («FWHM) 

200-300  ps 

energy  gain  or  loss.  However,  several  simplifying  assumptions 
are  incorporated  in  this  IFEL  model.  The  transverse  optical  in¬ 
tensity  and  phase  profiles  are  assumed  to  be  spatially  indepen¬ 
dent  (i.e.,  the  diffraction-free  approximation).  The  intensity  and 
phase  profiles  within  the  wiggler  should  be  slowly  varying  with 
longitudinal  position  because  the  externally  injected  laser  beam 
is  focused  as  a  Gaussian  beam  into  the  center  of  the  wiggler 
vacuum  pipe. 

Variations  seen  in  the  maximum  energy  modulation  of  the 
laser-on  data  are  indicated  by  the  horizontal  error  bar  on  the 
right  side  of  Fig.  3.  These  variations  from  shot- to-shot  may 
be  caused  by  changes  in  the  laser  peak  power,  changes  in  the 
e-beam  overlap  within  the  wiggler,  or  space-charge  effects.  This 
latter  phenomenon  could  in  fact  be  the  dominant  effect. 


Our  analysis  [8]  indicates  that  space-charge  effects  can  affect 
the  energy  spectrum  detected  at  the  spectrometer  location  when 
the  microbunches  generated  by  the  IFEL  pass  through  a  focus 
located  at  the  optimum  bunching  point  before  being  sent  to 
the  spectrometer.  (This  focus  is  nominally  where  the  ICA 
gas  cell  is  located.)  This  is  because  at  this  focus  point,  the 
charge  density  becomes  appreciable  in  the  longitudinal  and 
the  transverse  dimensions.  Space-charge  forces  acting  on  the 
electrons  will  alter  the  energy  spread  of  the  beam.  Under 
certain  conditions,  it  is  possible  for  space  charge  to  impart 
a  greater  energy  spread  than  that  induced  by  the  laser  in 
the  IFEL.  Consequently,  the  energy  spread  measured  at  the 
spectrometer  would  appear  larger  than  that  predicted  for  the 
laser-induced  spread. 
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Fig.  2.  Results  for  ICA  tests,  (a)  Lascr-off  electron  energy  spectrum  for 
the  data  (solid  line)  and  model  (histogram.  1 0000  electrons),  (b)  Laser-on 
electron  energy  spectrum  for  the  data  (solid  line)  and  model  (histogram.  1 0000 
electrons).  The  data  and  model  have  been  normalized  to  have  equal  integrals 
under  their  curves.  The  energy  shift  given  in  percentage  at  the  top  of  the  figure 
is  for  a  45-MeV  ^^-beam.  See  text  for  discussion  of  the  parameters  used  in  the 
model. 

Thus,  the  fact  the  energy  spread  of  the  data  in  Fig.  3  appears 
slightly  larger  than  the  spread  predicted  by  the  IFEL  model  may 
be  because  of  space-charge  effects.  (Note,  the  c-beam  charge 
was  0.2  nC  during  these  measurements.)  The  disappearance  in 
the  data  of  the  double  peaks  seen  in  the  model  simulation  would 
also  be  consistent  with  space  charge  smearing  the  energy  distri¬ 
bution.  However,  further  studies  and  measurements  are  needed 
to  verify  and  quantify  this  effect. 


IV.  Discussion 

The  improvement  in  the  quality  of  this  recent  data  over  ear¬ 
lier  ICA  results  can  be  attributed  primarily  to  the  higher  quality 
of  the  e-beam  and  the  subsequent  ability  to  focus  the  c-beam 
into  a  small  spot  along  the  interaction  region  of  the  gas  cell. 
In  particular,  the  normalized  rms  emittance  during  these  recent 
experiments  was  0.8  mm-mrad,  whereas  during  the  first  ICA 
experiments  at  the  ATF  [2],  the  normalized  rms  emittance  was 
>60  mm-mrad.  This  large  emittance  meant  the  e-beam  could 
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Fig.  3.  Lascr-on  electron  energy  spectrum  for  the  IFLL  tests  witli  permanent 
magnet  vvigglcr.  The  data  (solid  line)  and  model  (histogram,  2()()()  electrons) 
have  been  normalized  to  have  equal  integrals  under  their  curves.  The  energy 
shift  given  in  percentage  at  the  top  of  the  figure  is  for  a  4.S.65-MeV  r-beam.  vSee 
text  for  discussion  of  the  parameters  used  in  the  model. 

not  be  focused  to  the  optimum  size  within  the  ICA  interaction 
region. 

When  the  radially  polarized  laser  beam  is  focused  by  the 
axicon,  it  creates  a  line  focus  along  the  c-bcam  trajectory 
and  generates  a  longitudinal  electric  field  that  follows  a 
J(){27rr0c/X)  dependence,  where  Jq  is  the  Bessel  function  of 
the  first  kind  of  order  zero,  r  is  the  radial  position  from  the 
center  of  the  electron  trajectory,  0^.  is  the  Cerenkov  angle,  and 
A  is  the  laser  wavelength.  For  =  20  mrad  and  A  =  I0.(i  //,m, 
the  width  of  the  first  lobe  of  the  Jq  Bessel  function  is  200 
//m  ffull-width  at  half  maximum  (FWHM)l.  The  c-beam 
during  the  earlier  ICA  experiments  had  a  diameter  of  500  //,m. 
Consequently,  the  electrons  within  any  transverse  slice  of  the 
c-beam  pulse  would  experience  a  wide  range  of  laser  electric 
field  values.  In  other  words,  electrons  intersecting  the  optical 
wave  at,  say,  the  optimum  phase  for  acceleration  arc  not  all 
accelerated  by  the  same  amount.  In  fact,  some  of  the  electrons 
are  decelerated  because  their  large  radial  position  takes  them 
outside  of  the  first  lobe  of  the  Jo  Bessel  function  and  into  its 
second  lobe,  where  the  sign  of  the  field  reverses. 

As  predicted  by  the  model  and  confirmed  by  the  earlier  ICA 
measurements  (see  [2|),  the  laser-modulated  energy  spectrum 
under  these  nonoptimum  focal  conditions  is  more  Gaussian  in 
shape  rather  than  having  a  Ilat-top  distribution,  as  shown  in  Fig. 
2(b).  This  is  because  most  of  the  electrons  arc  not  being  accel¬ 
erated  or  decelerated  effectively. 

Contrast  this  with  the  recent  ICA  measurements  where  the 
65-//m  (Irr  radius)  c-bcam  focus  fits  well  within  the  200-//, m 
wide  Jo  Bessel  function.  Now,  all  of  the  electrons  within  any 
slice  of  the  c-bcam  pulse  experience  nearly  the  same  electric 
field.  The  net  re.sult  is  a  more  flat-top  energy  distribution. 

The  ATF  CO2  laser  system  is  capable  of  delivering  j^I-GW 
peak  power  when  operating  with  only  its  oscillator  and  pream¬ 
plifier.  Its  new  high-pressure  CO?  amplifier  will  allow  deliv¬ 
ering  hundreds  of  gigawatts  of  peak  power.  Eventually  ~1  TW 
will  be  possible  from  the  system. 
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Fig.  4.  Three-dimensional  schematic  of  new  radial  polarization  converter  system. 


In  the  near  term,  the  first  STELLA  experiments  will  be  con¬ 
ducted  at  low  laser  powers  less  than  1  GW  to  avoid  optical 
damage  problems.  During  this  time,  modifications  will  be  made 
to  the  ICA  optical  system  so  that  >100  MW  can  be  delivered 
to  the  ICA  interaction  region.  Although  initial  staging  experi¬ 
ments  will  be  conducted  at  the  present  45 -MW  effective  laser 
power  level,  the  model  simulations  predict  the  capturing  of  the 
microbunch  will  not  be  as  pronounced  as  when  the  laser  power 
is  ~1  GW.  Hence,  it  is  highly  desirable  to  increase  the  laser 
power  delivered  to  the  interaction  region. 

Just  as  important  as  overcoming  the  optical  damage  limita¬ 
tions  is  improving  the  laser  beam  quality  so  that  more  of  the 
delivered  laser  power  is  useful  for  accelerating  the  electrons. 
Results  from  an  upgraded  ICA  model  [17],  which  can  simulate 
the  effects  of  a  nonideal  laser  beam,  indicate  that  the  laser  beam 
quality  does  indeed  affect  the  amount  of  acceleration  and  can 
make  the  net  effective  laser  power  appear  to  be  much  smaller 
than  the  amount  sent  into  the  gas  cell. 

This  upgraded  model  also  demonstrates  that  the  resultant  en¬ 
ergy  spectrum  to  first  order  appears  the  same,  regardless  of 
whether  an  ideal  laser  beam  at  a  lower  peak  power  level  or  a 
nonideal  laser  beam  is  used.  We  believe  this  is  because  the  final 
energy  of  an  electron  passing  through  the  gas  cell  is  the  inte¬ 
grated  result  of  the  net  electric  field  it  experiences  in  the  longi¬ 
tudinal  direction.  Effects,  such  as  gas  scattering  and  laser  beam 
imperfections  that  can  affect  this  longitudinal  field  component, 
tend  to  yield  an  average  field  value  that  is  less  than  the  max¬ 
imum  possible.  Hence,  to  the  electron,  this  is  equivalent  to  re¬ 
ducing  the  peak  power  of  an  ideal  laser  beam. 

A  number  of  different  sources  can  degrade  the  laser  beam 
quality.  One  drawback  with  the  present  radial  polarization  con¬ 
verter  system  is  the  creation  of  interference  fringes  within  the 
laser  beam  entering  the  gas  cell.  These  fringes  imply  the  exis¬ 
tence  of  phase  reversals  across  the  wavefront  of  the  laser  beam, 
which  degrades  the  quality  of  the  Jq  Bessel  pattern.  In  addition. 


this  converter  system  is  only  capable  of  creating  at  best  80-85% 
radial  polarization.  This  plus  other  possible  imperfections  with 
the  present  laser  beam  may  explain  why  only  roughly  50%  of 
the  laser  power  appears  to  be  useful  for  accelerating  the  elec¬ 
trons. 

A  new  radial  polarization  converter  system  is  being  devel¬ 
oped  as  a  possible  replacement  to  the  present  one.  It  features 
a  method  for  creating  the  radially  polarized  beam  without  the 
need  for  specialized  optics*  that  can  cause  diffraction  effects.  A 
three-dimensional  schematic  of  the  new  radial  polarization  con¬ 
verter  system  is  shown  in  Fig.  4. 

The  linearly  polarized  laser  beam  from  the  ATF  CO2  laser 
is  directed  first  through  a  cylindrical  telescope  that  makes  the 
beam  slightly  elliptical  in  shape.  (The  ideal  elliptical  shape  is  in 
fact  the  same  as  one  lobe  of  a  TEMoi  or  TEMio  beam.)  This  el¬ 
liptical  beam  enters  the  first  of  two  end-to-end  Mach-Zehnder 
interferometers,  where  the  beam  is  split  equally  into  four  beam- 
lets.  The  beamlets  are  aligned  using  slightly  decentered  posi¬ 
tions  on  the  mirrors  so  that  a  pair  of  beamlets  propagate  parallel 
to  each  other  with  a  small  gap  between  the  beamlets.  The  first 
Mach-Zehnder  interferometer  ensures  the  beamlets  within  each 
of  the  pairs  are  in  phase  with  each  other  and,  through  the  use  of 
a  phase  plate,  that  their  polarization  vectors  point  opposite  to 
each  other. 

The  second  Mach-Zehnder  interferometer  serves  two  func¬ 
tions.  It  rotates  one  pair  of  beamlets  orthogonal  to  the  other  pair 
and  interferometrically  recombines  all  beamlets  into  a  single  an¬ 
nular  beam.  Just  as  in  the  present  radial  polarization  converter, 
the  vectorial  sum  of  the  polarization  vectors  in  these  four  beam- 
lets  yields  a  beam  with  radial  polarization. 

*As  explained  in  [13],  the  present  radial  polarization  converter  system  uses 
specialized  optics  referred  to  as  spiral -phase-delay  (SPD)  plates.  These  plates 
impart  one  wave  of  phase  delay  in  the  azimuthal  direction  across  the  laser  beam 
transverse  profile.  Because  this  one  wave  of  phase  delay  must  begin  and  end 
at  some  point  in  azimuthal  angle,  this  introduces  an  abrupt  discontinuity  in  the 
phase  at  this  angle,  which  is  a  source  of  diffraction  effects. 
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One  pair  of  beamlets  has  already  been  tested  during  earlier 
ICA  experiments.  The  complete  system  will  be  assembled  and 
tested  later  during  the  STELLA  program. 

V.  Conclusion 

The  data  obtained  with  the  recommissioned  ICA  system 
demonstrate  the  importance  of  low  e-beam  emittance  and  small 
e-beam  focus  within  the  ICA  interaction  region.  Under  these 
conditions,  it  is  possible  to  obtain  very  good  agreement  with 
the  model.  From  this,  it  has  been  determined  that  the  effective 
laser  power  for  accelerating  the  electrons  appears  to  be  reduced 
by  approximately  a  factor  of  2  from  the  laser  power  entering 
the  interaction  region.  We  believe  this  is  caused  by  a  radially 
polarized  laser  beam  quality  that  is  less  than  perfect. 

The  modulated  electron  energy  spectrum  generated  by  the 
new  wiggler  in  the  IFEL  was  measured.  Indications  exist  that 
space-charge  effects  may  be  affecting  the  results.  This  needs  to 
be  further  investigated.  If  it  is  true,  this  may  limit  the  amount  of 
charge  that  can  be  sent  through  the  IFEL  during  the  STELLA 
experiment. 

Improvements  to  the  ICA  optical  system  are  planned  to 
permit  delivering  higher  laser  power  and  to  improve  the  quality 
of  the  radially  polarized  laser,  thereby  improving  the  utilization 
of  the  delivered  laser  power. 

Nevertheless,  the  high  quality  of  the  IFEL  and  ICA  data 
collected  with  the  STELLA  hardware  demonstrates  that  the 
STELLA  experiment  is  ready  to  begin  its  first  staging  exper¬ 
iment  in  the  near  future. 
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Adiabatic  Plasma  Buncher 

M.  Ferrario,  T.  C.  Katsouleas,  Fellow,  IEEE,  L.  Serafini,  and  Ilan  Ben  Zvi 


Abstract — In  this  paper,  we  present  a  new  scheme  of  injection 
into  a  plasma  accelerator,  aimed  at  producing  a  high-quality  beam 
while  relaxing  the  demands  on  the  bunch  length  of  the  injected 
beam.  The  beam  dynamics  in  the  injector,  consisting  of  a  high- 
voltage  pulsed  photodiode,  is  analyzed  and  optimized  to  produce 
a  Ap/20  long  electron  bunch  at  2.5  MeV.  This  bunch  is  injected 
into  a  plasma  wave  in  which  it  compresses  down  to  Ap/lOO,  while 
accelerating  up  to  250  MeV.  This  simultaneous  bunching  and  ac¬ 
celeration  of  a  high-quality  beam  requires  a  proper  combination 
of  injection  energy  and  injection  phase.  Preliminary  results  from 
simulations  are  shown  to  assess  the  potentials  of  the  scheme. 

Index  Terms — Bunching,  injector,  plasma  accelerator,  pulsed 
photodiode. 


I.  Introduction 

ECOND-GENERATION  plasma  accelerators  are  expected 
to  be  very  demanding  in  terms  of  the  required  bunch  length 
[1].  This  is  because  the  accelerated  beam  is  required  to  be  short 
with  respect  to  the  wavelength  of  the  excited  Langmuir  plasma 
wave  to  maintain  high  beam  quality  and  small  energy  spread. 
Because  the  anticipated  wavelength  ranges  from  100  to  300  /im, 
1.5-  to  15-/im  long  bunches  (rms)  are  required,  with  a  bunch 
population  of  the  order  of  10®  particles  and  a  good  emittance, 
namely,  less  than  10  mm  mrad  rms  normalized  to  achieve  the 
correct  beam  matching  into  the  plasma  channel  (about  100  fim 
wide). 

Among  the  photocathode-based  injectors  [2],  the  pulsed 
photodiode  [3]  seems  a  good  candidate  to  achieve  very  short 
bunches,  mainly  because  of  the  high  field  gradient  that  can  be 
applied  on  the  photocathode  surface,  in  excess  of  1  GV/m.  It  is 
also  attractive  for  its  compactness  and  simplicity.  The  energy 
of  the  diode  is  typically  low  (e.g.,  1-2  MeV)  compared  with 
RF  guns.  We  will  show  how  this  low  energy  can  be  used  to 
advantage  because  it  allows  for  longitudinal  bunch  compression 
in  the  plasma  that  is  not  possible  at  higher  energies. 

The  basic  idea  of  the  scheme  described  in  this  paper  is  for 
the  bunch  to  undergo  one-quarter  of  a  synchrotron  oscillation  in 
the  bucket  of  the  plasma  wave,  with  injection  on  the  minimum 
of  the  bucket  close  to  the  separatrix  (zero  acceleration  phase) 
and  extraction  at  the  resonant  energy  7,.  just  at  the  median  line 
of  the  bucket  (maximum  acceleration).  This  phase  oscillation 
in  the  bucket  performs  a  bunching  while  it  increases  the  abso¬ 
lute  energy  spread.  Later,  the  relative  A7/7  is  damped  away. 
It  will  be  shown  that  the  final  beam  is  fully  consistent  with  the 
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requirements  on  bunch  length  for  a  second  generation  plasma 
accelerator  [1],  even  though  the  injected  beam  is  not  (i.e.,  it  is 
longer  than  the  requirement).  Such  a  compression  mechanism 
can  in  principle  be  exploited  even  with  a  different  injector,  e.g., 
a  radiofrequency  gun.  However,  we  should  prove  the  ability  of 
RF  guns  to  produce  15-//m  long  bunches  at  24  pC  of  charge  at 
energies  of  a  few  MeV  (<3),  so  as  to  exploit  the  compression  up 
to  its  maximum  efficiency.  In  this  paper,  we  explore  the  use  of 
a  pulsed  photodiode  for  the  simplicity  and  compactness  of  the 
apparatus,  which  allows  a  very  short  drift  in  between  the  diode 
and  the  plasma  channel,  minimizing  in  this  way  the  debunching 
effect  caused  by  space  charge. 

It  is  worthwhile  to  mention  that  the  idea  to  use  a  plasma  wave 
to  compress  or  modulate  the  density  of  an  electron  beam  is  not 
new:  the  plasma  klystron  concept,  pre.sented  in  [9]  is  actually 
based  on  this  idea.  While  the  plasma  klystron  induces  a  den¬ 
sity  modulation  on  a  beam  that  is  much  longer  than  the  plasma 
wavelength  [9],  producing  in  this  way  a  train  of  bunchlets,  the 
system  pre.sented  in  this  paper  is  expected  to  produce  a  .single 
bunch  shorter  than  the  plasma  wavelength. 

In  the  second  section  of  this  paper,  we  present  a  discussion 
of  the  beam  dynamics  in  the  diode  and  the  drift  to  the  plasma 
accelerator,  with  emphasis  on  how  to  transport  the  beam  with 
minimum  degradation  of  its  quality  (in  particular,  the  rms  bunch 
length  and  energy  spread).  The  beam  dynamies  modeling  is 
based  on  a  time-dependent  space-charge  code,  HOMDYN  [4], 
recently  developed  in  the  framework  of  RF  photoinjectors.  The 
code  allows  us  to  scan  quickly  over  the  parameter  space,  taking 
into  account  at  the  same  time  the  emittance  behavior  and  the 
debunching  effect  casued  by  the  longitudinal  space-charge  field 
of  the  electron  bunch.  The  model  underlying  the  code  is  sum¬ 
marized  in  Section  III,  which  also  presents  the  results  from  the 
simulations,  with  particular  concern  to  the  adiabatic  compres¬ 
sion  effect  occurring  when  the  beam  is  injected  at  zero  phase  (no 
acceleration).  Section  IV  describes  a  possible  method  to  control 
the  time  jitter  between  the  HV  pul.se  in  the  diode  and  the  laser 
driving  the  plasma  wave. 

II.  The  Pulsed  Photodiode:  A  Compact  Injector 
Suitable  for  Short  Electron  Bunch  Generation 

The  pulsed  photodiode  is  essentially  an  accelerating  gap  ter¬ 
minating  a  coaxial  transmission  line  where  a  short  (few  nanosec¬ 
onds)  high-voltage  pulse  (1-2  MV)  is  applied.  The  system  ba¬ 
sically  consists  of  three  components:  a  low  voltage  pulse  gen¬ 
erator  (with  a  DC  source  at  25  kV),  a  Tesla  tran.sformer,  and  a 
high-voltage  transmission  line  with  SF(j  switches  to  sharpen  the 
rise  and  fall  times  of  the  HV  pulse. 

Because  of  the  short  time  duration  of  the  pul.se  and  the  short 
gap  of  the  diode  (1-2  mm),  it  has  been  experimentally  demon¬ 
strated  [3]  that  it  is  possible  to  hold  such  high-voltage  pulses 
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without  breakdown  phenomena:  very  high  field  gradients,  in 
excess  of  1  GV/m,  have  been  successfully  applied  at  the  pho¬ 
tocathode  surface.  The  high-voltage  pulse  can  be  synchronized 
within  150  ps  to  an  external  laser  (this  will  be  later  discussed  in 
further  details),  so  that  the  device  can  be  operated  as  a  DC  pho¬ 
toinjector:  a  metallic  photocathode  hit  by  the  laser  emits  photo¬ 
electrons  during  the  laser  pulse  time  duration.  In  this  case,  the 
high-voltage  DC-pulsed  electric  field  plays  the  role  of  RF  high 
gradient  fields  in  RF  guns.  The  electron  bunch  extracted  from 
the  diode  is  easily  split  from  the  laser  beam,  illuminating  the 
cathode  in  many  ways:  as  an  example,  we  can  illuminate  the 
photocathode  at  an  angle  (60°-70°)  as  usually  done  in  S-band 
RF  guns  [2],  with  proper  correction  of  the  laser  wave  fronts 
to  avoid  a  tilt  between  them  and  the  cathode  plane  (this  would 
bring  us  to  an  undesirable  lengthening  of  the  cathode  emission 
time  with  respect  to  the  laser  pulse  duration). 

Because  of  such  a  strong  field,  we  can  generate  electron 
bunches  at  the  cathode  and  accelerate  them  rapidly  up  to 
relativistic  velocities  (1-2  MeV).  This  should  be  done  quickly, 
to  freeze  the  space-charge  forces.  Of  particular  concern  is  the 
longitudinal  force  that  tends  to  introduce  a  bunch  lengthening 
that  would  be  detrimental  to  the  quality  of  the  beam.  In  view  of 
the  need  for  bunches  no  longer  than  10  ^m,  and  the  fact  that  the 
cathode  spot  size  is  larger  than  100  /im,  we  have  to  operate  the 
beam  in  the  surface-charge  regime  typical  of  high  aspect  ratio 
bunches  that  look  like  thin  pancakes.  In  this  regime  [5],  the 
longitudinal  space-charge  field  scales  like  the  inverse  square  of 
the  bunch  radius  and  is  very  weakly  dependent  on  the  bunch 
length. 

Equation  (1)  shows  a  first-order  formula  [5],  giving  the  final 
electron  bunch  length  cr^  (rms  value  at  the  diode  exit)  as  a  func¬ 
tion  of  the  incident  laser  pulse  length  cr/as,  the  laser  spot  size 
at  the  cathode  cr,  the  normalized  field  gradient  7'  =  eEo/mc^ 
(where  Eo  is  the  field  gradient  at  the  cathode),  and  the  nominal 
beam  peak  current  Ip 

^  =  ^  =  l  +  Asc  (1) 

^las  ^ 

where 

Asc  =  T  f  \2 
/a(7 

is  the  space-charge  debunching  factor  (I a  =  17  kA).  For  high 
aspect  ratios  Ai  =  a/cr^,  as  typical  of  cases  under  discussion 
here,  and  final  7  at  the  exit  of  the  diode  larger  than  5,  the  factor 
/(A/,  7)  can  be  well  approximated  hy  f  =  Ai/3  -  \/A~i /SO  - 
A^^^^/360  [as  far  as  1  <  A/  <  100;  the  limit  of  f{Ai^j)  for 
very  large  A  is  ln(2)]. 

In  the  drift  following  the  diode  gap,  we  should  expect  a  fur¬ 
ther  debunching  produced  by  the  space-charge-induced  energy 
spread,  namely,  A75C/7  =  7pcr^/7^7'(j^;  this  effect  can  be 
even  larger  than  in  the  diode,  because  the  bunch  lengthening  can 
be  expressed,  at  first  order,  by  AL  =  (i^drift/7^)(A7sc/7)- 
According  to  these  scaling  laws,  we  should,  for  a  given  desired 
peak  current  Ip  (or  for  a  given  bunch  length  and  charge),  try 
to  maximize  the  field  gradient  7'  and  the  cathode  spot  size  a 
(which  is  limited  anyway  by  the  anode  aperture).  Minimizing 
the  drift  length  is  also  crucial. 


As  a  particular  example,  consider  a  laser  pulse  of  length  ai  = 
12  fs  (4  fim),  spot  size  a  =  300  //m,  diode  gap  2  mm,  and 
field  gradient  at  the  photocathode  1.3  GV/m  (so  that  7  =  6  at 
the  diode  exit),  with  a  bunch  charge  of  24  pC  (1,5  10®  electrons. 
Ip  =  600  A).  This  leads  to  a  predicted  space-charge  debunching 
in  the  diode  that  is  modest,  A  sc  =  4.2%.  The  induced  en¬ 
ergy  spread  {A^ysc/l)  =  0.05%,  gives  a  further  debunching 
AL  =  8  jum  at  the  end  of  the  26-cm  long  drift  space  to  the 
plasma  channel.  It  will  be  shown  in  the  final  section  that  the 
simulations  agree  remarkably  well  with  these  analytical  predic¬ 
tions.  This  points  out  the  need  for  short  laser  pulses  and  high 
field  gradients  to  keep  the  bunch  length  within  the  demands  of 
the  plasma  accelerator. 

The  transverse  beam  dynamics  sets  up  some  other  constraints 
dealing  with  the  matching  of  the  beam  into  the  plasma  wave. 
The  most  important  issue  is  the  minimum  drift  length  achiev¬ 
able  compatibly  with  the  need  to  apply  some  focusing  to  obtain 
the  correct  matching.  In  fact,  the  diode,  having  a  flat  cathode, 
is  equivalent  to  having  a  defocusing  lens.  A  curved  cathode 
should  be  avoided  because  it  leads  to  bunch  lengthening  caused 
by  electron  trajectories  of  varying  lengths  emerging  from  var¬ 
ious  points  on  the  curved  cathode  [6].  The  rms  beam  divergence 
at  the  exit  is  predicted  to  be 


a'  =  ^^F{id)  + 


12/^(777' 


(2) 


Here,  d  is  the  diode  gap  length,  and  the  expression  for  the  factor 
F{i>)  is  reported  in  the  Appendix.  F{i')  is  very  close  to  1  for 
our  case  of  interest,  where  7  =  7'(i  >  1. 

According  to  (2),  we  conclude  that  the  diode  applies  a  se¬ 
rious  defocusing  kick  to  the  beam.  The  source  is  the  first  term 
in  the  RHS  of  (2),  which  is  from  the  radial  field  lines  of  the  exit 
aperture  close  to  the  cathode.  This  term  is  much  larger  than  the 
space-charge  kick  (second  term  in  the  RHS),  in  fact,  for  the  pa¬ 
rameters  listed  above,  we  obtain  cr'  =  75  mrad  +  2  mrad.  In 
order  to  overcome  such  a  high  beam  divergence  at  the  exit  of 
the  diode,  we  place  a  solenoid  lens  at  1 1  cm  from  the  cathode, 
set  at  2.5-kGauss  peak  field.  The  solenoid  must  focus  down  the 
beam  into  the  plasma  wave  accelerator,  which  requires  a  beam 
spot  size  of  about  50  /xm.  The  simulation  results  are  shown  at 
the  end  of  the  next  section. 


III.  The  HOMDYN  Model  and  Its  Enhancement  to 
Treat  Acceleration  in  Plama  Waves 

Time-dependent  space-charge  effects  play  a  crucial  role  in  the 
beam  dynamics  of  high  brightness  injectors.  A  fast  running  code 
(HOMDYN)  has  been  developed  to  deal  with  the  evolution  of 
high-charge,  not  fully  relativistic  multibunch  beams  in  RF  fields 
of  an  accelerating  cavity,  taking  into  account  the  field  induced 
by  the  beam  in  the  fundamental  and  higher  order  modes,  and  the 
variation  of  bunch  sizes  caused  by  both  the  RF  fields  and  space 
charge.  Such  a  code  is  also  suitable  for  the  present  application 
in  which  instead  of  an  RF  cavity,  we  have  an  accelerating  gap 
followed  by  a  plasma  channel. 

In  modeling  the  plasma  wave,  we  include  the  fields  of  an  ex¬ 
ternally  driven  linear  plasma  wave,  but  neglect  the  self-gener¬ 
ated  wake  fields  from  the  beam  loading  of  the  plasma  wake. 
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Fig.  1.  Electron  bunch  a.s  modeled  by  the  code  HOMDYN  to  calculate  the 
space-charge  field:  uniform  cylindrical  distribution  represented  by  .V  slices. 
See  text  for  definitions  of  the  slice  coordinates  bunch  sizes  /?(/),  L{f),  and 
bunch  coordinates  *  /, . 


This  is  justified  providing  the  beam  load  is  not  too  large  [7], 
namely,  when  the  electron  number  N  is  such  that 


eN  <  (100  pC) 


E[GeV/m] 


wave  area 

[100  /7,m]2  ’ 


We  review  in  this  section  the  main  features  of  the  model,  with 
some  modifications  added  specifically  for  the  case  under  study. 

The  basic  approximation  in  the  description  of  beam  dynamics 
lays  in  the  assumption  that  each  bunch  is  described  by  a  uni¬ 
form  charged  cylinder,  whose  length  and  radius  can  vary  under  a 
self-similar  time  evolution  while  keeping  a  uniform  charge  dis¬ 
tribution  inside  the  bunch.  By  slicing  the  bunch  in  an  array  of 
cylinders  (multislices  approximation;  see  Fig.  1),  each  one  sub¬ 
ject  to  the  local  fields,  we  also  obtain  the  energy  spread  and  the 
emittance  degradation  caused  by  phase  correlation  of  RF  and 
space-charge  effects. 

The  longitudinal  space-charge  fields  on  axis  at  a  distance 
”  Zi  of  the  .sth  slice  from  the  bunch  tail  located  at  Zf,  is 
given  by  [6] 


e:‘\c) 


Q 

27re„  R2 


HiCs.Ar,.) 


where 


/7(C„  =  ^J{l-ULr  +  Al,  -  +  Al, 

-  (1  -  2Cs/7) 


and  Q  is  the  bunch  charge,  L  is  the  bunch  length,  is  the  slice 
radius,  and  A,.  is  the  slice  rest  frame  aspect  ratio. 

The  radial  space-charge  fields  (linear  component)  of  the  same 
slice,  are  given  by 


Encs)  = 


Q 


47reo7?.sL 


where 


G(Cs,4v0 


1  -  C/L  ^  Q/L 


The  plasma  longitudinal  and  transverse  (linear  component) 
fields  are 


E^'iz,)  =  +  t]\,) 

and 

Er  izs)  =  - (;os(wp|/.  -  kp]Z,  + 


The  equations  for  the  longitudinal  motion  for  each  slice  are 


i,,  = 

/?,,  =  — ^  {E,{z,:  t)  +  t)  +  E’’'{z,.t))  . 


The  evolution  of  each  slice  radius  Bs  is  described  in  the  time- 
domain  according  to  an  envelope  equation,  including  damping 
caused  by  acceleration  (second  term),  solenoid  focusing  (third), 
RF-focusing  (fourth),  plasma  focusing  (fifth),  space-charge  ef¬ 
fects  (sixth),  image  charges  from  the  cathode  surface  (seventh), 
and  thermal  emittance  pressure  (eigth) 

R.  +  +  (A'f''  +  Kl^  +  K>>') ./?, 


fGiC.Ar) 


RJi. 

+  ' 


(1  +  /^.? 


2\  G{G-Ai.) 


7.S 


where  the  dots  indicate  the  derivation  with  respect  to  time, 


KT'  = 


2»p,7., 


is  the  solenoid  focusing  gradient. 


r^rf 


2jsrno 


V  Oz  c  di  ) 


is  the  RF  focusing  gradient  expressed  through  the  linear  expan¬ 
sion  off-axis  of  the  accelerating  field  K~  =  /Y:  (0,  2,  /), 


(X)s(a;pl/.  -  -j-  'ij),,) 


is  the  plasma  focusing  gradient. 


kf,  ^ 


is  the  beam  perveance.  and  is  the  rms  normalized  thermal 
beam  emittance. 

In  order  to  evaluate  the  degradation  of  the  rms  emittance  pro¬ 
duced  by  longitudinal  correlation  in  space-charge  and  transverse 
external  forces,  we  use  the  following  expression  for  the  corre¬ 
lated  emittance: 

e:r  =  I  sJ{Ri)  mR's)^)  -  {RsPir's? 


where  7?^  =  {(lldz)B.s  and  the  average  ()  —  (1/A^)  Zl.^Li 
performed  over  the  N  slices.  The  total  rms  emittance  will  be 
given  by  a  quadratic  summation  of  the  thermal  emittance  and 
the  correlated  emittance 

=  \l A  f  ■ 


The  simulations  of  the  system  have  been  carried  out  choosing 
the  following  set  of  parameters:  the  diode  is  driven  by  a  1 .3-MV 
HV  pulse  applied  to  a  2-mm  gap,  whereas  the  laser  pulse  hitting 
the  photocathode  is  40  fs  long  (assumed  to  be  flat  top  in  time; 
note  that  this  is  equvalent  to  a  12-fs  rms  laser  pulse  length)  and 
is  focused  down  to  a  ().6-mm  spot  size  (hard  edge  radius  of  a 
uniform  radial  intensity  profile),  extracting  24  pC  of  charge.  In 
order  to  take  under  control  the  large  defocusing  kick  received  by 
crossing  the  anode  hole  (as  discussed  in  Section  11),  we  apply 
a  focusing  solenoid  lens  located  1 1  cm  from  the  cathode  with  a 
field  amplitude  of  2.5  kGauss  (peak  field  on  axis).  The  plasma 
wave  is  assumed  to  have  a  plasma  wavelength  of  300  microns. 
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Fig.  2.  Longitudinal  dynamics  at  0°  injection  phase  (no  acceleration).  Solid  line  (left  scale)  represents  the  rms  electron  bunch  length.  Dotted  line  (right  scale) 
represents  the  bunch  average  energy,  and  dashed  line  (left  scale)  represents  the  rms  energy  spread. 
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Fig.  3.  Transverse  dynamics  at  0°  injection  phase  (no  acceleration).  Solid  line  (left  scale)  represents  the  rms  electron  bunch  radius:  the  scale  is  set  to  show  the 
matching  into  the  plasma  wave  at  r  =  0.267  (maximum  rms  radius  is  8  mm  2ii  z  ~  0.11).  Dashed  line  (right  scale)  represents  the  rms  normalized  transverse 
emittance. 


radius  a  =  100  microns,  starting  26  J  cm  from  the  cathode 
and  extending  through  10  cm  with  an  accelerating  gradient  of  3 
GV/m.  The  resonant  gamma  of  the  wave  is  taken  to  be  7^  =  400. 

The  beam  kinetic  energy  (dotted  line),  the  rms  energy  spread 
(dashed  line),  and  the  rms  bunch  length  (solid  line)  are  shown 
in  Fig.  2  for  the  case  of  injection  at  zero  acceleration  phase 
(i.e.,  'i/;^  =  0®)  into  the  plasma  wave.  The  injection  energy 
is  2.45  MeV,  with  a  bunch  length  of  3.5  /txm  at  the  diode  exit 
and  15.5  ixm  at  the  end  of  the  drift  to  the  plasma  wave.  Bunch 
lengthening  is  caused  by  the  longitudinal  space-charge  field. 
The  bunching  action  of  the  plasma  wave,  effective  at  a  proper 
injection  phase  of  0°  (no  acceleration),  causes  a  reduction  of 


the  bunch  length  in  opposition  to  the  space-charge  effect,  with 
a  final  equilibrium  bunch  length  of  3  ^m  with  an  energy  spread 
of  6%.  Matching  the  beam  into  the  strong  focusing  channel  of 
the  plasma  wave  is  critical.  An  example  is  shown  in  Fig.  3,  indi¬ 
cating  the  rms  radius  (solid  line)  and  the  rms  normalized  emit¬ 
tance  (dashed  line).  The  beam  is  blown  up  radially  to  8-mm  rms 
radius  in  the  center  of  the  solenoid  (11  cm  from  the  cathode) 
and  focused  down  to  50  /xm  into  the  plasma  wave. 

It  is  interesting  to  notice  that  an  injection  at  60°  assures  max¬ 
imum  acceleration  up  to  292-MeV  exit  energy  but  no  bunching 
effect,  as  shown  in  Fig.  4,  where  the  final  bunch  length  is  17  /xm 
at  an  energy  spread  of  12%. 


1156 


IRF.E  TRANSACTIONS  ON  PLASMA  SCIENCE,  VOL.  28,  NO.  4,  AUGUST  2000 


-  <L>  [microns] 

—  - 

-  *Dg/g[%] 

300 

250 

200 

150 

100 

50 

0 


0  0.1  0.2  0.3  0.4 


Z[m] 


a 

< 


Fig.  4.  Longiludinal  dynamics  at  60*^  injection  phase  (maximum  acceleration).  Solid  line  (left  scale)  represents  the  rms  electron  bunch  length.  Dashed  line  (left 
scale)  represents  the  rms  energy  spread.  Dotted  line  (right  scale)  represents  the  bunch  average  energy. 


IV.  Control  of  the  Time  Jitter  Between  the  Plasma 
Wave  and  the  HV  Pui.se 

The  acceleration  in  the  plasma  wave  changes  rapidly  with  the 
injection  phase  of  the  electron  bunch.  In  order  to  get  a  consistent 
acceleration  and  small  energy  jitter  (piilse-to-pulse),  wc  must 
control  the  timing  of  the  injection  with  unprecedented  precision. 

The  attainment  of  such  stability  by  synchronization  of  lasers 
is  hopeless.  Therefore,  we  assume  that  a  single  laser  controls  the 
timing  of  both  photocathode  illumination  and  plasma  wake  gen¬ 
eration.  This  still  requires  attention  to  minute  details  in  main¬ 
taining  constant  laser  path  lengths  in  the  system.  That  includes 
highly  stable  optical  component  support,  covered  and  temper¬ 
ature  controlled  light  pathways,  and  simiUir,  well-known  op¬ 
tical-transport  practices.  This  leaves  us  with  the  main  challenge 
being  the  variation  of  the  electron  time-of-arrival. 

The  variation  in  the  electron  timing  is  caused  by  the 
shot-to-shot  variation  in  the  accelerating  potential.  The  pulsed 
diode  waveform  is  timed  by  spark  gaps.  The  triggering  of  a 
spark  gap  is  a  statistical  process  of  creating  an  avalanche.  The 
use  of  special  liquids  in  the  spark  gap,  laser  triggering,  and 
advanced  geometry  can  reduce  the  jitter  to  under  1  ns.  Because 
the  pulse  cannot  be  made  absolutely  uniform  over  the  entire 
waveform,  which  is  approximately  flat-top  over  1  ns,  we  have 
to  deal  with  pulse-to-pulse  acceleration  voltcige  jitter  of  a  few 
percent.  Thus,  a  timing  jitter  is  generated  by  the  time  of  flight 
dependence  on  the  voltage. 

The  time  jitter  per  a  fraction  of  the  accelerating  voltage  jitter 
is  given  as  the  sum  of  two  terms,  the  jitter  in  the  diode  and  the 
jitter  in  the  drift  space  past  the  diode. 

The  first  is  given  as  l/(r'7'),  and  the  other  as 
(Ainf(./f')(27'fV(2  +  7'rf))(2yrf  +  For  typical 

values  of  d  =  0.002  m  and  =  2,  we  see  that  the  timing 
jitter  in  the  diode  is  of  the  order  of  30  fs  per  percent  amplitude 
jitter.  In  a  drift  of  0.3  m  past  the  diode,  the  jitter  is  about  3 
ps  per  percent. 


In  other  words,  a  pulse-to-pulse  correction  of  the  order  of  a 
few  picoseconds  is  necessary  to  maintain  the  electron  bunch  and 
the  plasma  wave  in  synchronism. 

We  propose  to  correct  this  jitter  by  a  feedforward  scheme. 
The  principle  is  simple:  a  pick-up  electrode  inserted  in  the  high- 
voltage  transmission  line  will  measure  the  voltage  of  the  diode. 
The  voltage  of  the  pulse  is  so  high  that  even  a  weakly  coupled 
probe  will  generate  enough  signal  to  eliminate  the  need  for  an 
amplifier. 

The  electric  signal  will  change  the  path  length  of  the  laser 
propagating  toward  the  photocathode.  The  magnitude  of  the 
change  is  adjusted  so  that  a  compensation  of  the  jitter  is  accom¬ 
plished. 

To  make  this  possible,  it  is  necessary  to  design  the  path  length 
of  the  high-voltage  pulse  from  the  measurement  point  to  the 
cathode  to  allow  enough  delay  to  enable  the  feedforward  adjust¬ 
ment.  The  laser  pulse  must  arrive  at  the  cathode  at  the  same  time 
that  the  part  of  the  pulse  that  produced  the  path  length  change 
arrives. 

The  laser  variable  delay  line  will  be  composed  of  optically 
active  material  that  changes  the  index  of  refraction  on  the  ap¬ 
plication  of  an  electrical  field.  The  optical  path  length  of  a  laser 
beam  in  a  medium  changes  dramatically  if  the  medium  is  highly 
dispersive  at  the  laser  wavelength  and  the  molecular  levels  con¬ 
tributing  to  the  dispersion  are  shifted.  Such  an  energy  level  shift 
can  be  accomplished  either  by  applying  an  electric  field  or  by 
even  using  the  electric  field  associated  with  the  laser  by  in¬ 
voking  the  Stark  effect.  The  appropriate  choice  of  the  medium 
and  the  magnitude  of  the  field  may  result  in  the  required  path 
length.  The  major  drawback  of  this  technique  would  be  the  cor¬ 
responding  change  in  the  absorption  coefficient.  The  transport 
loss  of  the  laser  will  then  be  a  function  of  the  field,  which  needs 
to  be  corrected. 

The  photocathode  laser  starts  as  an  IR  laser,  which  is,  usu¬ 
ally.  multiplied  to  the  UV.  The  calculations  that  we  will  present 
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to  establish  the  principle  correspond  to  the  effect  in  ammonia,  at 
a  wavelength  of  10.6  //m,  where  data  have  been  available.  More 
research  is  necessary  to  identify  a  proper  material  and  wave¬ 
length  for  UV  operation. 

Stark  shifting  of  a  vibrational-rotational  line  of  ammonia  has 
been  done  for  spectroscopic  applications  [8].  The  ammonia  lines 
have  been  shifted  in  and  out  of  resonance  by  applying  mod¬ 
erate  electric  fields.  The  fields  necessary  to  tune  through  res¬ 
onance  varied,  depending  on  the  line  in  question.  A  voltage 
as  low  as  30  V  over  2-mm  gap  (field  of  15  kV/m)  is  suffi¬ 
cient  for  some  lines.  This  introduces  a  large  change  in  the  re¬ 
fractive  index  and,  hence,  the  path  length  of  the  laser  to  cor¬ 
rect  for  the  jitter.  Based  on  data  taken  from  [8],  the  produced 
change  in  the  refractive  index  An^  as  the  resonance  is  shifted 
between  9.503  ^m  and  9.443  fim  is  2.928-0.419  =  2.509. 
Therefore,  the  length  required  to  change  the  path  length  by  1 
ps  is  L  =  1  X  10-^2  s  X  3  X  10^°  cm/s/2.509  =  120  /xm. 

The  imaginary  part  of  the  refractive  index  that  affects  the  ab¬ 
sorption  changes  from  1.459  to  2  in  this  change  of  wavelength. 

Incidentally,  ammonia  has  also  a  resonance  line  in  UV  at 
200  nm,  where  the  change  in  the  refractive  index  An^  is  0.3. 
If  this  resonance  is  used,  the  required  length  would  be  1  mm. 
However,  it  is  most  likely  that  there  are  other  material  candi¬ 
dates. 

Concerning  the  possible  breakdown  of  the  laser  transported 
through  the  cell,  it  should  be  noted  that  the  necessary  power 
is  not  very  high.  With  the  high  electric  field  on  the  cathode 
and  using  clean  copper  surfaces,  a  quantum  efficiency  of  0.05% 
was  obtained  at  100  MV/m,  and  at  the  diode’s  operating  field 
of  1  GV/m,  the  expected  quantum  efficiency  is  0.5%.  At  this 
quantum  efficiency,  the  necessary  laser  energy  is  about  24  nJ, 
or  a  power  of  1  MW.  This  is  not  expected  to  result  in  break¬ 
down  problems  over  a  spot  size  of  about  1  mm. 

This  example  is  given  just  as  a  demonstration  of  principle,  and 
more  work  is  necessary  to  produce  a  practical  working  device. 
Besides  the  identification  of  the  optimal  resonant  Stark  effect 
material,  there  are  some  other  concerns  to  be  addressed.  These 
are  listed  below  as  pointers  for  further  research. 

The  calculation  above  was  made  with  solid  ammonia,  where 
the  number  density  is  ~4  orders  of  magnitude  larger  than  the 
atmospheric  gas.  High-pressure  ammonia  gas  may  be  used,  but 
because  the  refractive  index  is  directly  proportional  to  the  elec¬ 
tron  density,  the  length  of  the  ammonia  cell  would  have  to  be 
increased. 

What  would  be  the  optical  quality  of  this  ammonia  column, 
as  solid  or  gas?  Can  the  laser  beam  quality  be  maintained  after 
passage  through  this  cell? 

Stark  shift  measurements  have  been  done  only  in  gaseous  am¬ 
monia.  Are  the  results  valid  in  solid  ammonia? 

How  does  broadening  from  pressure  and  laser  intensity  affect 
the  results? 

Can  the  ammonia  hold  off  the  large  background  field  of  the 
pulse  (besides  the  ripple  used  to  affect  the  shift?) 

The  necessary  response  time  is  commensurate  with  the  rate 
of  change  of  the  voltage  on  the  pulsed  diode,  which  is  of  the 
order  of  tens  of  one  hundred  picoseconds.  Is  the  response  time 
of  the  molecule  to  the  applied  field  sufficiently  fast? 


Fig.  5.  Form  factor  F{iy)  plotted  as  a  function  of  v  for  the  case  f{x)  = 
j'l ^  i.e.,  a  Gaussian  electric  field  distribution  on  axis  through  the  diode 

gap- 

Finally,  the  change  in  absorption  needs  to  be  calculated  and 
corrected  for. 


V.  Conclusion 

We  have  shown  by  means  of  a  preliminary  analysis  that  a 
proper  injection  (by  using  a  specific  beam  energy  and  phase) 
into  a  plasma  wave  can  relax  the  demands  for  beam  quality,  in 
particular,  the  maximum  bunch  length  and  energy  spread  ac¬ 
ceptable  at  injection,  to  meet  the  requirements  of  second  gener¬ 
ation  plasma  accelerators.  We  found  great  advantages  in  the  use 
of  pulsed  photodiodes  as  injectors  and  beam  sources,  mainly  be¬ 
cause  of  their  compactness  and  the  very  high  gradient  achiev¬ 
able  at  the  photocathode  surface. 

Other  issues  have  to  be  more  carefully  investigated  besides 
what  has  been  done  for  this  analysis:  wake  fields  effects  in  the 
plasma  wave  (i.e.,  beam  loading),  spatial  variation  of  the  plasma 
wave  accelerating  gradient  from  laser  envelope,  and  multipar¬ 
ticle  effects  not  addressable  with  the  use  of  HOMDYN.  These 
are  topics  for  future  investigations. 


Appendix 

We  assume  a  first-order,  linear,  on-axis  expansion  for  the 
static  accelerating  field 


where  the  field  form  factor  on-axis  is  specified  generically  by 

the  normalized  function  fix),  such  that  /(O)  =  1  and  /  — >  0. 

£ — >^00 

The  beam  normalized  energy  at  the  gap  exit  will  be  given  by 


poo 

f  dx 
Jo 


where  the  dimensionless  quantity  u  =  eEQdJfnc^  represents 
an  effective  normalized  gap  voltage  across  the  gap  of  length 
d.  Recalling  that  the  transverse  momentum  change  through  the 


gap  is  Apr  —  eErdt  and  d/d,t  =  {d/pc){dldx){fi  = 
the  beam  rms  divergence  at  the  gap  exit,  defined 
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by  —  cr)/mc/?7  under  the  assumptions  of  straight 

electron  trajectories  through  the  gap  and  laminar  beam,  will  be 
given  by 


The  form  factor  F{u)  has  a  relativistic  limit,  i.e.,  at  >  1, 
given  by  =  1/ f{x)  dx  [typically,  F^o  =  0(1) 

implying),  cr'(;/  >  1)  =  a/2d],  whereas  the  limit  at  very  small 

^  \/lo  fiy)  '^hich  is 

again  a  quantity  typically  of  the  order  of  1  for  a  well-behaved 
function  f{x),  as  previously  specified  [implying  « 1)  = 
a/4rf]. 

The  behavior  of  the  form  factor  F(y)  corresponding 
to  a  gaussian  electric  field  distribution  on-axis,  i.e.,  for 
f{x)  —  e~^  which  is  close  to  that  of  a  flat  cathode-flat 
anode  geometry  for  the  diode  gap,  is  plotted  in  Fig.  5  versus  7. 
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Transverse  Stability  of  the  Electron  Beam  in  the 
Wiggler  Plasma  Wave  Accelerator 

V.  Petrillo  and  C.  Maroli 


Abstract — We  give  an  analysis  at  the  single-particle  level  of  de¬ 
scription  of  the  electron  beam  transverse  motion  and  stability  in 
a  plasma  accelerator,  which  uses  an  external  magnetic  field  like 
that  in  the  undulator  of  a  free-electron  laser.  The  numerical  results 
show  strong  focusing  of  all  electron  trajectories  when  the  electrons 
of  the  beam  are  accelerated  to  a  few  gigaelectronvolts. 

Index  Terms — Magnetized  plasmas,  plasma-based  accelerators, 
transverse  beam  stability. 

1.  Introduction 

HE  initial  acceleration  gradient  and  maximum  theoretical 
energy  gain  at  the  dephasing  limit  in  plasma-  based  ac¬ 
celerators  could  be  considerably  increased  if  the  plasma  were 
placed  in  a  strong  magnetic  field  transverse  to  the  beam  motion, 
like  in  the  “surfatron”  scheme  [1],  but  periodic  along  the  beam 
motion,  like  in  the  undulator  of  a  free-electro  laser. 

As  shown  in  [2]  and  [3],  the  increase  in  the  efficiency  of  the 
process  is  due  to  the  diamagnetic  currents  that  tend  to  develop 
inside  the  plasma  in  equilibrium  with  the  magnetic  field  of  the 
undulator.  If  these  currents  are  strong  enough,  they  give  rise  to  a 
relativistic  increase  in  the  electron  mass  and  a  general  lowering 
of  all  wave  frequencies  u;,  in  some  cases,  well  below  the  plasma 
frequency  uOp  —  (47re^no/m)^/^.  As  a  consequence,  the  axial 
electric  field  of  the  accelerating  plasma  waves  increases  by  the 
factor  cjp/o;. 

In  addition,  this  strong  acceleration  takes  place  in  plasmas 
that  have  a  considerably  lower  density  than  in  existing  experi¬ 
ments  and  with  carrier  accelerating  waves  of  much  longer  wave¬ 
lengths.  For  instance,  initial  acceleration  gradients  of  nearly 
1  GeV/m  could  be  obtained  by  using  an  undulator  with  period 
A«  =  5  cm,  which  is  loaded  with  a  cold  plasma  of  volume 
density  no  between  10^^  and  10^^  cm~^,  and  an  accelerating 
carrier  wavelength  of  a  few  centimeters.  The  volume  density  of 
the  beam  is  n/,  10''^no,  and  the  injection  energy  is  of  a  few 

megaelectronvolts.  The  peak  value  of  the  undulator  magnetic 
field  must  instead  be  very  large,  of  the  order  of  several  Tesla. 

These  results,  however,  are  based  on  the  solution  of  a  set  of 
nonlinear,  one-dimensional  (1-D)  equations;  with  the  electron 
beam  represented,  as  usual,  by  a  number  of  uniformly  charged 
planes  moving  along  the  2:-axis,  the  undulator  field  has  a  simple 
form  that  is  valid  exactly  on  the  axis  and  the  transverse  dimen¬ 
sions  of  the  beam  and  of  the  accelerating  wave  pulse  are  con¬ 
sidered  to  be  infinite. 
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The  large  undulator  magnetic  field  with  its  periodicity  along 
the  beam  motion  gives  rise,  as  must  be  expected,  to  appre¬ 
ciable  changes  in  the  dispersion  properties  of  the  (strongly) 
magnetized  plasma.  In  particular,  the  accelerating  wave  pulse 
consists  of  waves  that  are  only  partially  longitudinal  and  with 
a  complicated  structure  of  the  transverse  electric  and  magnetic 
fields  components.  The  situation  is  different  from  that  of 
plasma-based  accelerators  that  do  not  use  external  magnetic 
fields,  and  it  is,  therefore,  necessary  to  add  to  the  1-D  treatment 
a  description  of  the  transverse  motion  and  stability  of  the  beam. 

In  this  work,  we  carry  out  the  analysis  of  the  transverse  effects 
at  the  single-particle  level  of  description,  namely,  by  supposing 
that  the  electrons  of  the  beam  move  under  the  action  of  fixed 
external  fields  only.  The  effects  due  to  the  finite  transverse  size 
of  the  beam  and  of  the  accelerating  wave  pulse,  to  the  radial 
components  of  the  electric  field  of  the  wave  that  arise  as  a  con¬ 
sequence  of  the  Panofsky-Wenzel  (PW)  theorem,  as  well  as  to 
the  full  off-axis  structure  of  the  wiggler  magnetic  field  are  taken 
into  consideration. 

II.  Nonlinear  Reference  Trajectory 

We  begin  by  singling  out  a  “reference  trajectory,”  which  is 
that  traced  by  the  electron  of  the  beam  that  starts  att  —  0  from 
a  set  of  “preferred”  initial  conditions,  i.e.,  from  the  origin  of  the 
reference  frame  (x  =  0,  y  —  0,  z  =  0)  and  with  a  (relativistic) 
momentum  directed  exactly  along  the  ^-axis  (p^  =  0,  Py  = 
0  jg  assumed  as  the  direction  of  motion  of  the 

beam  as  a  whole).  This  trajectory  is  calculated  by  solving  the 
complete  nonlinear  equations  of  motion  and  by  taking  all  kinds 
of  (external)  forces  into  account.  A  list  that  comprises  all  forces 
is  as  follows. 

A.  Undulator  Magnetic  Field 

A  complete  and  relatively  simple  form  of  the  undulator  field 
is  that  given  in  [4].  The  mathematical  expression  takes  the  full 
off-axis  structure  of  the  field  into  account.  The  undulator  we 
consider  is  of  the  helical  type,  with  the  magnetic  field  B[/  = 
— Vy  derived  from  the  scalar  potential 

y(x,  y,  z)  -  -2Bu  [xsm{kuz)  -  ycos(fc,,2)]  (1) 


where  r  =  is  a  modified  Bessel  function 

and  Xu  =  "^.Tr/ku  is  the  period  of  the  field  along  the  z-axis. 

We  can  see  that  the  magnetic  field  B[/  has  only  trans¬ 
verse  components  Bu,x  and  Bu,y',  Bf/  =  Bu  sm{kuz)ex  - 
Bu  cos{kuz)ey,  when  considered  exactly  on  the  axis;  i.e.. 
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when  .T  =  0  and  y  ==  0.  In  this  case,  it  can  also  be  written  as 
Be/  =  X  {dldz)Aij,  namely,  in  terms  of  the  vector  potential 

Ai/  =  -i  -  cc)  (2) 

where  e  =  l/^/2{ex  +  zOy)  and  “cc”  means  complex  conju¬ 
gate.  In  the  immediate  vicinity  of  the  axis,  i.e.,  up  to  terms  of 
second  order  in  the  radial  distance  r,  we  find  a  (small)  longitu¬ 
dinal  component  and  the  field  assumes  the  form 

Bf/  —  Bu  ^\ri{kuz)e:r.  -  Bu  co^{Kz)ey 

-  Buku{xcof^{kuz)  -f  ysin(A:^,2:))e.  -1-  O(r^).  (3) 


B.  Electric  and  Induction  Fields  of  the 
Accelerating  Wave  Pulse 

The  wave  pulse  that  accelerates  the  beam  is  assumed  to  be 
fairly  intense,  but  still  well  described  by  the  linear  theory.  The 
carrier  of  the  pulse  must  be  chosen  by  fixing  both  frequency 
uj  and  wavenumber  k  in  such  a  way  that  the  wave  beta  factor 
^14/  m  uj/ck  is  smaller  but  very  near  to  1.  The  wave  belongs  to 
the  branch  of  the  dispersion  relation  with  cj  <  ujp  and  a  quasi¬ 
longitudinal  polarization  (see,  in  particular,  [2,  Fig.  1]  and  [3, 
Fig.  1]).  The  accelerating  wave  is  not  purely  electrostatic  like 
in  the  usual  nonmagnetized  plasma-based  accelerators,  but  the 
transverse  (radiation)  components  of  its  electric  SE_i  and  induc¬ 
tion  fields  are,  in  general,  smaller  than  the  axial  component 
6Ez,  which  is,  in  this  case  also,  the  main  accelerating  cause. 

The  axial  electric  field  follows  from  the  assumed  explicit 
form  of  the  relative  density  perturbation  Sn/n^  and  Poisson 
equation  and  is  written  as 


of  the  cold  and  nonmagnetized  plasma.  The  number  fi^o  mea¬ 
sures  the  strength  of  the  relativistic  effects  produced  by  the  dia¬ 
magnetic  currents  and  is  defined  as  /?yo  —  |u_lo|/<^^  where 
|u_Lo|  is  the  intensity  of  the  (ordered)  mean  velocity  of  the  elec¬ 
trons  of  the  plasma.  It  must  be  noted  that  the  polarization  factor 
Q{k)  =  and  therefore,  all  transverse  components  of 

the  wave  electric  and  induction  fields  disappear  when  the  un- 
dulator  magnetic  field  tends  to  zero.  In  this  limit,  the  acceler¬ 
ating  wave  turns  back  to  the  usual  longitudinal  wave  of  the  non¬ 
magnetic  plasma,  as  it  should  be.  The  transverse  fields  are,  at 
this  point,  calculated  from  (5)  by  means  of  the  usual  definitions 
^E_l  =  —{l/c){d/df)SA  and  x  {d/dz)SA,  which 

give  explicitly 

SE.r  =  ^/2  —  |/lo|  {Qik)  siii(V;-  +  v>) 

e 

+  Q{-k)sm{'tJ)++ip)} 

SE,j=V2^  l^ol  oos(V;-  +  ip) 

-  Q{-k)  +  (f)} 

2 

SBj.  =  -  \/2  l^ol  {{k  -  k,i)Q{k)  cos(?/^_  +  ip) 

-  (k  +  k„)Q{,-k)  (;o.s(i/)+  +  t^)} 

2 

SBy  =  V2——  \Ao  \  {{k  -  /.:„)Q(/.:)sin(7/;_  -|-  cp) 

+  {k  4-  k,,)Q{-k)  sin(V^+  -f  (/?)}  (7) 

with  =  (A:  4=  k^,)z  -  Ld{k)t. 

C.  Radial  Dependence  of  the  Axial  Electric  Field 

We  assume  that  the  amplitude  of  the  axial  electric  field  as 
given  in  (4)  has  a  radial  dependence;  i.e.,  rewrite  the  equation 
in  the  new  form 


^  \Aq\ Hm{kz  -  uj{k)t  +  if)  (4) 


SE:,  -  Hm{kz  -  uj{k)t  -f  (p)  (4)' 


where  (p  is  an  arbitrary  constant  and  ij{k)  must  satisfy  the  dis¬ 
persion  relation. 

The  transverse  components  of  the  fields  6Ej_  and  (^B  may 
be  derived  from  a  transverse  vector  potential  ^A,  which  when 
written  in  the  helical  frame  of  the  undulator,  i.e.,  using  the  vector 
e  and  its  complex  conjugate  e*,  rather  than  e.^  and  e^,  has  the 
form 

5A  =  l^lol  Q{k)  +  cc] 

-  ^  l^ol  Q{-k)  +  cc]  (5) 

with  the  polarization  ratio  Q{k)  given  by 


^  'rpoOjk)  ejk)  -  c^jk  +  k,,)^ 

V2(i,oc^k^  0{k)  -  cHk^  +  kl) 


(6) 


and  where  9{k)  =  w^{k)  -  wjhjM,  7^0  =  (1  - 
The  two  waves  with  wavenumbers  k  =f  A/„  originate  from 
the  splitting,  due  to  the  strong  external  magnetic  field,  of  the 
twofold  degenerate  transverse  branch  in  the  dispersion  relation 


where  F{r)  is  a  slowly  varying  function  of  the  radial  distance 
r  from  the  axis.  It  is  known,  at  least  in  the  nonmagnetic  case, 
that  this  radial  dependence  gives,  for  consistency,  rise  to  a  cor¬ 
respondingly  small  radial  component  of  the  wave  electric  field 
8Ey  that  is  different  from  zero  only  inside  the  region  around  the 
beam  axis  where  the  amplitude  of  the  main  axial  field 
decreases  to  zero  [5].  In  our  case,  as  in  all  other  cases  in  which 
the  plasma  is  subjected  to  strong  magnetic  fields,  these  radial 
fields  should  be  calculated  through  some  kind  of  generalized 
PW  theorem  and  added  to  the  transverse  fields  like  that  written 
in  (7). 

However,  when,  for  any  reason,  an  appreciable  fraction  of 
the  electrons  of  the  beam  are  able  to  move  off  the  beam  axis 
and  well  inside  the  region  where  these  PW  fields  have  large 
values,  the  quality  of  the  beam  immediately  deteriorates.  As  a 
consequence  and  to  avoid  a  possible  large  increase  in  the  beam 
overall  emittance,  the  transverse  size  of  the  beam  should  always 
be  fairly  smaller  than  the  size  of  the  accelerating  pulse. 

For  this  reason,  we  did  not  consider  it  important  to  develop 
in  detail  the  demanding  calculations  that  are  necessary  to  ex¬ 
tend  the  PW  theorem  to  the  case  of  a  magnetized  plasma,  and 
simply,  although  inconsistently,  added  to  the  transverse  fields  in 
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Fig.  1.  The  full  line  gives  x  versus  2  (both  in  centimeters)  for  the  reference  trajectory  and  the  choice  of  parameters  described  in  the  text.  The  dashed  and  dotted 
lines  give  cr^  (cm)  and  (jy  (cm),  respectively,  versus 


(7)  the  PW  terms  that  arise  in  the  more  common  case  of  nonmag¬ 
netic  plasmas.  Choosing  for  simplicity  F{r)  —  exp[-2r^/i^^], 
where  is  a  measure  of  the  transverse  radius  of  the  accelerating 
wave  pulse,  we  write  the  PW  terms  as  [5] 

{6E^)pf  =  l^ol  cos{kz  -wt  +  f) 

{6Ey)pF  =  l^ol  cos{kz  -u>t  +  (p).  (8) 


where  the  6  x  6  matrix  M  is  made  of  the  3  x  3  matrices  0 , 
A,  B,  and  C,  like  in  the  scheme 


A  B 


and  B,  and  C  are  expressed  as  follows  in  terms  of  the  ex¬ 
ternal  EM  fields  calculated  on  the  reference  trajectory  exactly 


III.  Linear  Analysis  Around  the  Reference  Trajectory 

The  reference  trajectory  is,  in  all  cases,  a  solution  of  the  non¬ 
linear  equations  that  describe  the  motion  of  a  relativistic  electron 
in  (more  or  less)  complicated  electromagnetic  fields;  i.e.. 


pjt) 

m^{t)  ’ 


7(i)  =  (1 


^  Pit)  =  -e  SEi^it),  t)  +  X  5B(x(i),  t)  .  (9) 

Let  us  indicate  the  reference  trajectory  with  Xo(i),  Po{i)  and 
linearize  the  preceding  equations  by  looking  for  solutions  of 
the  type  x{t)  =  Xo(t)  +  <^x(t),  p{t)  =  Po(t)  +  Sp{t),  where 
5x(t)  and  ^p(t)  are  “small”  disturbances.  If  we  introduce  the 
corresponding  displacement  in  phase-space 


A=-e(VE)^  +  -— p<,x(VB)„ 

mc7o 

^  e  1 

B  =  \  H  2~2  2  ^  ®o)Po 

mc7o 


mjo  \ 


\  B 


0  ~Boz  Boy 

Bn.  0  -Bo. 


Boy  Box 


It  is  also  easy  to  find  that  within  the  validity  of  the  linear 
hypothesis 


Su{t)  = 


it  is  easy  to  see  that  it  satisfies  the  following  (linear)  system  of 
equations: 


6u{t)  =  N{t)  •  §u(0)  (15) 

where  the  new  6x6  matrix  N {t)  is  by  definition  equal  to  matrix 
^ ^ ^ 

1  at  f  =  0.  In  addition,  iV  is  a  solution  of  the  equation 


—  6u(t)  =  M  •  6u{t) 
at 


-  N{t)  =  M^N 
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Fig.  2.  Behavior  of  factor^/  of  the  reference  electron  along  the  orbit,  versus  .r  (in  centimeters).  The  initial  value  is  -/(())  =  200. 


Fig.  3.  Behavior  of  the  determinant  D{f)  of  matrix  .V,  versus  . 


and  if  we  call  D{f:)  the  determinant  of  N{f.),  we  have 

ic(o=(T,i;)D(o 

0(0)  =  \. 

Because  the  trace  of  M  is  identically  zero,  as  can  be  seen  by 
direct  inspection  of  (12)  and  (13),  it  follows  that  D{f  )  =  1  at  all 
times. 

Finally,  introducing  the  phase-space  dyadic  Su^xi.  we  have 
6u{t)bu{t)  ==  N{t)  •  Sxi{{))6u{0)  •  N'^{t)  (18) 


where  is  the  transposed  of  N.  Averaging  over  the  values  of 
the  dyadic  (^u(0)(6u(0),  at  the  initial  time,  we  get  in  the  end 

{Su{t)6u{t))  =  7V(^)  •  {^u{0)Su{{)))  '  N'^  {t)  (19) 

and  from  this  expression  we  should  be  able  to  extract  all  (statis¬ 
tical)  data  of  a  macroscopic  character  that  concern  the  aspect  in 
the  ordinary  space  and  the  stability  of  the  electron  beam  along 
its  motion. 

In  practice,  however,  the  elements  of  N{t)  are  more  conve¬ 
niently  calculated  by  using  the  operational  definition  (15)  and 
the  complete  nonlinear  equations  of  motion  (9).  The  validity  of 
the  process  of  linearization  around  the  reference  trajectory  can 
then  be  checked  a  posteriori  by  looking  at  the  time  evolution  of 


PETRILLO  AND  MAROLI:  ELECTRON  BEAM  TRANSVERSE  STABILITY  IN  PLASMA  WAVE  ACCELERATOR 


1163 


c 

OJ 


E 

0 


0.008 

0.007 

0.006 

0.005 

0.004 

0.003 

0.002 

0.001 

0 


0  50  100  150  200 

z(cm) 


Fig.  4.  Behavior  of  £x  (solid  line)  and  £y  ( dashed  line),  as  defined  in  (20),  versus  z. 
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Fig.  5.  Behavior  of  x  versus  z  for  the  reference  trajectory  (solid  line)  and  (Jx(^)  (dashed  line).  The  quality  of  the  motion  deteriorates  seriously  for  values  of  z 
between  4  and  5  m,  where  the  electrons  of  the  beam  have  lost  by  dephasing  all  of  the  energy  gained  in  the  acceleration  phase. 


the  determinant  D{t),  which  should  be  a  constant  of  the  (linear) 
motion. 

IV.  Numerical  Results  and  Conclusion 

The  figures  show  typical  results  that  have  been  obtained  with 
the  following  choice  of  parameters:  unperturbed  plasma  density 
no  ^  10^^  cm“^,  accelerating  wave  frequency  u  ^  0.46  = 

2.6 10^^  rad/s"^,  R  =  0.5  cm  and  wavelength  A  =  0.7  cm  and 
with  =  0.999  [7^  =  (1  -  ~  22],  an  undulator 

with  period  =  2  cm  and  peak  amplitude  Bu^  and  an 
injection  energy  of  the  electron  beam  of  about  100  MeV. 

Fig.  1  shows  the  behavior  of  x  versus  2:  (both  in  centime¬ 
ters)  for  the  reference  trajectory  and  along  an  undulator  length 


of  2  m.  It  also  shows  the  two  rms  transverse  dimensions  of  the 
beam  o-^(^)  =  ^/{6x^  and  ay{z)  calculated  with 

the  matrix  {6u6u)  in  (19),  versus  the  distance  2:  (always  in  cen- 
timters)  and  with  the  initial  values  o-a;(0)  =  t^y(O)  =  0.01  cm. 
The  reference  trajectory  in  this  figure  shows  the  characteristic 
“wiggling”  motion  of  the  electron  over  the  undulator  period  of 
2  cm  and  the  superimposed  much  longer  (secular)  “  betatron” 
oscillation. 

Fig.  2  shows  the  increase  in  the  relativistic  energy  of  the  ref¬ 
erence  electron  versus  z  (centimeters).  The  electron  has  been 
followed,  in  this  case,  for  a  really  long  time,  to  show  the  sat¬ 
uration  in  energy  gain  due  to  dephasing  with  the  accelerating 
wave  and  even  the  successive  deceleration  stage.  The  (theoret- 
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ical)  maximum  energy  gained  is  of  about  2  GeV,  over  a  distance 
of  2-3  m. 

Fig.  3  shows  the  behavior  of  the  determinant  D{t)  of  the  ma¬ 
trix  N  versus  2:  (centimeters).  Within  the  validity  of  the  linear 
analysis,  D{t)  should  stay  equal  to  one  for  all  times.  We  can  sec, 
on  the  contrary,  that  there  is  a  serious  breakdown  in  the  linear 
analysis  for  distances  greater  than  about  3  m  along  the  undu- 
lator. 

Finally,  Fig.  4  shows  the  behavior  of  the  two  transverse  rms 
beam  emittances 

e,r  =  ^  -  (<^.r)(A7;,,))2) 

“ ^{i^y^Pn  -  {^!/){^'P!i))~)  (20) 

versus  (centimeters)  and  over  a  length  that  comprises  the  first 
100  undulator  periods. 

These  results  show  that  the  electron  trajectories  are  strongly 
focused  around  the  reference  trajectory  over  lengths  of  about 
100  undulator  periods.  Speaking  more  generally,  however,  we 
may  say  that  when  the  electron  Lorentz  factors  increase  up  to 
values  of  the  order  of  a  few  thousands,  as  in  this  example,  the  fo¬ 
cusing  of  all  trajectories  around  the  beam  axis  becomes  a  nearly 
obvious  consequence  of  the  relativistic  increase  in  the  electron 
mass.  Fig.  5  has  been  added  to  emphasize  this  idea,  because  it 
follows  the  reference  electron  up  to  the  point  where  the  7-factor 
decreases  in  the  region  from  between  4  and  5  m  inside  the  un- 
diilator.  It  shows  that  the  quality  of  the  motion  deteriorates  se¬ 
riously  at  exactly  this  point  along  the  beam  axis. 
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We  have  found  that  the  only  condition  that  must  he  satisfied 
with  accuracy  to  preserve  the  quality  of  the  beam  is  that  most 
electron  trajectories  develop  well  inside  the  region  where  the 
PW  radial  fields  are  negligible.  This  is  verified  if  the  beam  ra¬ 
dius  is  smaller  than  the  wave  pulse  radius  at  /  =  0  and  if  the 
beam  is  injected  with  a  sufficiently  high  energy  to  ensure  a  small 
off-axis  displacement  at  the  first  maximum  of  the  “betatron”  os¬ 
cillation.  In  particular,  this  requires  that  the  electron  beam  be 
injected  with  energy  values  moderately  larger  than  those  used 
in  our  preceding  1-D  calculations  [2],  |3  |. 
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Energy  Spread  in  Plasma-Based  Acceleration 

Albert  Reitsma,  Raoul  Trines,  and  Vladimir  Goloviznin 


Abstract — Electron  acceleration  in  a  one-dimensional  plasma 
wave  has  been  simulated,  with  emphasis  on  minimizing  the  energy 
spread  of  an  accelerated  electron  bunch,  while  keeping  the  mean 
energy  gain  at  a  reasonable  level.  Bunch  length,  beam  loading, 
and  the  injection  phase  are  tuned  to  reach  this  goal.  The  simula¬ 
tion  results  show  that,  in  a  wide  range  of  initial  bunch  lengths  and 
beam  loading  parameters,  an  optimum  acceleration  distance  ex¬ 
ists,  which  combines  low  energy  spread  and  high  energy  gain.  The 
energy  spread  at  the  optimum  is  found  to  be  weakly  dependent  on 
bunch  length  and  beam  loading,  while  it  is  highly  sensitive  to  devi¬ 
ations  in  the  injection  phase. 

Index  Terms — Electron  bunch  characteristics,  plasma-based 
electron  acceleration. 

I.  Introduction 

HE  WORLDWIDE  study  of  excitation  of  strong  plasma 
waves  by  using  high-intensity  lasers  is  directed  toward  the 
developments  of  a  compact  laser-plasma  accelerator  [1],  [2].  the 
design  for  such  an  accelerator  had  originally  been  proposed  in 
[3].  Until  now,  the  emphasis,  both  in  experimental  work  and 
simulations,  has  been  on  the  high  acceleration  gradients  and  en¬ 
ergy  gain  provided  by  such  an  accelerator.  The  highest  acelera- 
tion  gradient  so  far  (100  GeV/m)  has  been  demonstrated  in  [4]. 
This  is  about  1000  times  higher  than  the  acceleration  field  in 
conventional  linacs.  However,  no  external  bunch  has  been  in¬ 
jected,  but  the  accelerated  electrons  originated  from  the  buld 
plasma  as  a  result  of  self-trapping  in  the  plasma  wave.  Recently, 
energy  gain  of  several  megaelectronvolts  in  a  few  millimeters 
has  been  demonstrated  for  a  bunch  of  injected  electrons  [5].  Typ¬ 
ically,  the  accelerated  electrons  come  in  a  broad  energy  range 
from  practically  zero  to  some  maximum  value.  Wilks  et  al  [6] 
showed  that,  in  general,  a  low  energy  spread  can  be  reached 
at  the  expense  of  energy  gain.  Van  der  Meer  [7]  proposed  a 
special  shaping  of  the  electron  bunch  that  reduces  the  energy 
spread  considerably.  Katsouleas  et  al  [8]  developed  a  strategy 
for  phasing  and  beam  loading  that  minimizes  energy  spread 
without  special  shaping.  The  present  work  is  an  extension  of  the 
latter  paper.  In  addition  to  the  injection  phase  and  beam  loading, 
the  bunch  length  as  a  tunable  parameter  has  been  included. 

This  paper  is  organized  as  follows:  from  the  basic  equations, 
the  acceleration  length  at  which  a  minimum  in  the  energy  spread 
of  the  accelerated  electrons  occurs  is  estimated.  Subsequently 
we  verify  this  estimate  numerically,  by  simulating  electron  ac¬ 
celeration  in  a  one-dimensional  plasma  wave. 
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II.  Basic  Equations 

A  longitudinal  electrostatic  wave  is  assumed 

E  —  Eo  cos  'ip.  (1) 

Here,  E  denotes  the  electric  field  in  the  z  direction,  which  is  the 
direction  of  propagation  for  both  the  accelerated  electrons  and 
the  plasma  wave.  The  plasma  wave  has  amplitude  Eq  and  phase 
'ip  =  kz  —  u)t,  where  2:  is  the  space  coordinate,  t  the  time,  and 
uj  the  plasma  frequency.  The  wave  vector  k  is  related  to  the  fre¬ 
quency  (u  as  fc  =  cj with  the  phase  velocity  of  the  wave, 
which  is  close  to  c.  The  assumption  of  no  {x,  y)  dependence 
is  relevant  for  linear  wake  waves  in  plasma  accelerator  with  a 
hollow  channel  as  shown  in  [9].  For  small  beams  in  a  hollow 
channel,  transverse  beam  emittance  is  well  preserved  and  the 
transverse  beam  dynamics  have  little  effect  on  energy  gain  and 
energy  spread  [10],  so  that  we  may  consider  the  acceleration  as 
a  purely  one-dimensional  process. 

The  equations  of  motion  for  a  single  electron  with  momentum 
P  and  phase  'ip  are 

(2) 

^  =  -  Eo  cos  V’  (3) 

at 

where  v  is  the  velocity  of  the  electron  and  P  ~  'yv/c  its  mo¬ 
mentum.  Here,  we  introduce  the  dimensionless  quantities  t 
(jot,  P  P/mc,  E  eE/mujc,  with  e  being  the  unit  charge. 

From  Hamiltonian  theory  [11],  a  simple  calculation  for  the 
energy  gain  ^  of  a  trapped  electron  injected  ai  ip  =  'ipin  and 
extracted  at  -0  =  tpex  yields 

£  =  2ylEom,c^{sm  V^in  -  sin  'ipex)  (4) 

where  7^  denotes  the  Lorentz  factor  con*esponding  to  The 
acceleration  distance  d  can  be  estimated  from  the  injection  and 
extraction  phases  as 

(5) 

A7^ 

where  X  ~  27r/k  is  the  plasma  wavelength.  Estimates  (4)  and 
(5)  are  derived  under  the  condition  that  7  obeys  7  >  7<^  for  a 
sufficiently  large  part  of  the  acceleration  distance. 

As  stated  in  Section  I,  the  goal  of  this  paper  is  to  find  values 
for  the  beam  length,  beam  loading,  and  injection  phase  such  that 
the  energy  spread  is  minimized  while  the  energy  gain  is  kept  at 
a  reasonable  level.  The  energy  spread  is,  in  fact,  the  sum  of  two 
contributions.  The  first  one  results  from  the  bunch  length  L.  In 
order  to  estimate  this  contribution,  a  simple  two-particle  model 
is  used  [8].  At  t  =  0,  a  bunch  with  uniform  density  and  length 
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L  is  located  between  i/?  —  i  A:L/2.  During  the  acceleration 
process,  the  distance  between  the  electrons  is  assumed  not  to 
change  significantly,  so  that,  at  extraction,  the  bunch  is  located 
between  ?/?  =  ±  kL/2,  From  (4),  the  difference  in  energy 

at  extraction  between  a  particle  at  the  head  of  the  bunch  and  a 
particle  at  the  tail  of  the  bunch  reads 

A€i  =  sin(A:L/2)  x  (cos  ”  cos  0in).  (6) 

From  (6),  it  is  obvious  that  the  use  of  short  bunches  reduces  this 
contribution  to  the  energy  spread. 

The  second  contribution  to  the  energy  spread  results  from 
the  Wakefields  of  the  electrons  in  the  bunch:  each  electron  is 
influenced  by  the  Wakefields  of  all  electrons  in  front  of  it.  These 
Wakefields  can  be  calculated  by  employing  the  charge  density  of 
the  bunch  as  a  source  term  in  the  wave  equation  for  the  electric 
field,  under  the  condition  that  the  field  is  unperturbed  in  front 
of  the  bunch.  For  a  uniform  bunch  located  between  ij)  =  7/;i„  ± 
kL/2,  the  bunch  wakefield  is,  according  to  [8], 


E=r}Eo 

(  0, 

..  ,  ~  V^in  -  kL/2) 

2  sm{kL/2) 
cor(?/;  - 


ij)  ~  '0in  >  kL/2 

~kL/2  <  'll)  -  <  kL/2 

-  V^in  <  ~kL/2. 

(7) 


Here,  the  bunch  wakefield  amplitude  is  introduced  as  a  fraction 
of  the  laser  wake  amplitude  This  fraction  j]  is  commonly 
called  the  beam  loading  fraction  .  For  example,  a  slab  beam 
of  width  b  and  charge  density  in  a  plasma  with  background 
density  no  has  a  beam  loading  fraction  [8] 

T]  —  2kh  ^m{kL/2)--^  .  (8) 

^0^0 

At  this  point,  an  estimate  for  the  beam  loading  effect  can  be 
derived  using  the  constant  retarding  force  on  a  tail  electron  due 
to  the  wakefield  of  the  bunch.  This  induces  an  energy  difference 

Af  =  2'q^lEQ'm.c^  X  cos(fcL/2)(V;c.r  -  V-’in)  (9) 

between  the  head  and  tail  electron.  Under  certain  circumstances, 
the  contributions  of  (9)  and  (6)  can  cancel  each  other.  The  head 
and  tail  particles  will  then  have  approximately  the  same  energy, 
resulting  in  a  low  relative  energy  spread.  We  denote  the  accel¬ 
eration  distance  at  which  this  minimum  in  energy  spread  occurs 
by  <7opt,-  Using  (5)  and  taking  V^in,  Vv.r  close  to  tt,  one  can  esti¬ 
mate  this  distance  as 

As  we  will  see,  (10)  gives  a  correct  scaling  for  in  terms  of 
L,  Tj,  and  apart  from  a  constant  offset. 


III.  Numerical  Analysis 


Fig.  1.  Example  of  electric  field  as  a  function  of  phase  with  only  7 
macroparticles  in  the  bunch,  visible  in  the  inset  dicontinuitics  in  E.  Beam 
loading  fraction:  //  =  0.5. 


can  think  of  these  one-dimensional  particles  as  charged  sheets 
with  uniform  electron  density  in  the  transverse  direction  and 
a  6  shape  in  the  longitudinal  direction  (wide-beam  limit).  The 
wakefield  of  the  nth  macroparticle  is 


cos(V;  -  V-,,). 


lo. 


'll)  <  'll),, 

ij)  >  'll),,,. 


(11) 


The  number  o:  is  a  measure  for  the  charge  of  a  macroparticle, 
related  to  the  beam  loading  fraction  as 


ikL/2) 
kL/2  "" 


With  this  definition,  taking  the  limit  N  co  in  (1 1)  correctly 
reproduces  the  wakefield  of  the  continuous  bunch,  as  given  in 
(7).  At  the  phase  of  the  macroparticles,  the  electric  field  is  non- 
continuous  (see  Fig.  1). 

The  equations  of  motion  are  (n  =  1,  . . . ,  A) 


d'll),, 

IT 

dt 


^{Vn/V^  -  1) 


N 


=  Eo  cos  Va,  +  E„,{ij)) 


(13) 

(14) 


In  our  simulations,  a  simple  finite-difference  scheme  is  used 
(leap-frog  algorithm)  to  integrate  (13)  and  (14).  For  the  electric 
field,  the  analytic  expressions  (1)  and  (11),  are  used,  in  which 
at  every  time  step  all  macroparticle  phased  are  inserted.  At  the 
start  of  a  simulation,  all  macroparticles  have  the  same  energy 
7oM^  and  are  uniformly  distributed  around  injection  phase 


<l>n  -  i’in  +  1  “2) 

P„=Po  = 


(15) 


In  our  simulations,  the  electron  bunch  is  represented  by 
N  macroparticles,  having  charge  ~Q,  mass  M,  momentum 
Pn,  and  phase  =  1  ■  ■  •  TV).  Mass  and  charge  are  chosen 
such  that  Q/M  —  e/m  (electron  charge-to-mass  ratio).  One 


At  every  time  step  of  the  simulation,  the  mean  energy  {£)  and 
the  energy  spread  AE  (standard  deviation  of  particle  energy) 
of  the  macroparticles  are  calculated.  The  initial  energy  spread 
is  zero,  because  all  macroparticles  have  the  same  initial  energy. 
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Fig.  2.  Mean  energy  (£^) ,  relative  energy  spread  AEf  {S),  phase  spread  A  V’ 
and  longitudinal  rms  emittance  a  as  functions  of  acceleration  distance.  Injection 
phase  ^in  =  TT,  bunch  length  L  =  A/6,  beam  loading  fraction  77  =  0.8. 


The  evolution  of  the  bunch  is  calculated  until  the  first  local  min¬ 
imum  in  the  relative  energy  spread  AS /{£)  (see  Fig.  2,  for  ex¬ 
ample)  is  encountered. 

In  the  course  of  acceleration,  some  macroparticles  may  lose 
so  much  velocity  that  they  become  detrapped.  These  are  mostly 
macroparticles  in  the  tail  of  the  bunch,  if  their  phase  is  too  close 
to  7r/2,  the  edge  of  the  wave  crest.  In  the  calculations  of  the 
mean  energy  and  energy  spread,  only  macroparticles  that  are 
still  trapped  are  taken  into  account.  A  particle  is  considered 
trapped  if  it  is  located  within  one  wavelength  from  the  wavecrest 
in  which  the  bunch  was  injected  at  the  start  of  the  simulation. 
As  soon  as  a  particle  violates  this  condition,  it  is  discarded  for 
the  rest  of  the  calculation.  The  fraction  of  detrapped  (Le.,  lost) 
particles  should  not  become  too  high,  but  a  small  fraction  may 
be  sacrificed  in  order  to  improve  energy  gain  and/or  spread.  In 
our  calculations,  only  a  small  fraction  of  the  particles  becomes 
detrapped. 

The  following  set  of  parameters  is  fixed  for  all  results  shown 
in  this  article:  , 

•  7^  =  100; 

•  eo  =  0.1; 

•  7o  =  7(^/3; 

•  number  of  macroparticles,  100. 

We  chose  the  above  set  of  parameters  with  a  realistic  case  in 
mind;  plasma  electron  density  10^'^  cm“^,  laser  wavelength  1 
^m,  wake  wavelength  100  //m,  and  electrons  of  initially  16.7 
MeV. 


IV.  Simulation  Results 

Fig.  2  shows  {£)  and  AE/{S)  as  functions  of  the  accelera¬ 
tion  distance  d  for  a  bunch  with  initial  phase  =  tt,  length 
L  =  A/6  and  beam  loading  rj  =  0.8.  The  same  figure  shows 
phase  spread  Aij)  (standard  deviation  of  mean  phase)  and  rms 
longitudinal  emittance  as  functions  of  the  acceleration  distance. 

A  minimum  in  energy  spread  is  seen  to  be  reached  at  an  ac¬ 
celeration  distance  of  about  47  cm.  At  this  point,  the  bunch  has 
a  mean  energy  of  about  635  MeV  with  2.6%  spread.  The  bunch 
has  increased  its  length  by  a  factor  of  about  1.6  and  the  rms  lon¬ 
gitudinal  emittance  is  rather  small  (about  0.02  nm  MeV).  This 
behavior  is  typical  for  most  of  our  simulation  runs. 

Snapshots  of  the  phase  space  distribution  of  accelerated 
macroparticles  after  propagation  over  various  distances  are 
given  in  Fig.  3.  These  curves  show  that  during  the  first  part  of 
the  acceleration,  it  is  mostly  the  head  of  the  bunch  that  gains 


Fig.  3.  Phase  space  snapshots  for  various  acceleration  distances  for  the  run  of 
Fig.  2. 


Fig.  4.  Optimal  distance  dopt  as  a  function  of  injection  phase  V^in.  Upper 
curve:  simulation  result,  lower  curve:  solution  of  (10). 


Fig.  5.  Relative  energy  spread  as  a  function  of  beam  loading  fraction  and 
injection  phase  at  L  =  A/ 6. 


energy.  As  the  bunch  slips  against  the  wave,  the  other  parts  are 
accelerated  as  well.  At  the  point  of  minimum  energy  spread 
(after  47  cm),  the  energy  distribution  is  more  or  less  balances. 

A  check  of  (10),  our  estimate  of  optimal  distance  is  given  in 
Fig.  4,  in  which  dopt  is  shown  as  a  function  of  both  from 
our  simulation  results  and  from  (10).  Parameters  are  7?  =  0.8, 
L  =  Ap/6.  This  plot  shows  a  rough  qualitative  agreement  with 
a  general  trend  that  the  acceleration  takes  longer  than  expected 
from  our  estimate.  This  has  to  do  with  the  first  stage  of  the  ac¬ 
celeration,  during  which  the  condition  7  ^  7^  is  violated.  At 
>  1.227r,  our  estimate  gives  a  negative  acceleration  dis¬ 
tance,  which  is  incorrect.  Instead,  the  solution  should  be  dopt  — 
0.  Fig.  4  shows  that  for  these  cases  dopt  is  rather  small.  Conse¬ 
quently,  the  energy  gain  is  very  low  and  this  region  is  not  inter¬ 
esting  for  acceleration. 

The  next  two  figures  illustrate  the  influence  of  beamloading 
and  injection  phase  dX  fixed  bunch  length.  In  Figs.  5  and  6,  we 
show  relative  energy  spread  and  mean  energy  after  accelerative 
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7r) 


Fig.  6.  Mean  energy  as  a  function  of  beam  loading  fraction,  injection  phase  at  energy  spread  as  a  function  of  beam  loading  fraction,  bunch 

L  =  A/6.  '  '6”?''’ 


Fig.  8.  Mean  energy  as  a  function  of  bunch  length  and  injection  phase  at ;/  = 
0.2. 

over  (iopt..  In  the  region  between  the  lines  A  and  B,  r/opt  is  in 
agreement  with  (10).  To  the  left  of  line  yl,  (10)  gives  a  negative 
dopt  so  this  region  is  not  suitable  for  acceleration,  as  confirmed 
by  the  low  (<f)-valiies  of  Fig.  6  in  this  region.  The  region  near 
line  B  seems  to  be  attractive  for  acceleration.  Here,  r/opt  is  close 
to  the  distance  at  which  a  maximum  in  energy  gain  occurs.  In  the 
region  to  the  right  of  line  B,  it  takes  longer  to  reach  a  minimum 
in  energy  spread  than  to  reach  a  maximum  in  energy  gain. 

In  Figs.  7  and  8,  we  plot  relative  energy  spread  and  mean 
energy  as  functions  of  bunch  length  and  injection  phase  at  a  fixed 
beam  loading  fraction  (7/  =  0.2).  As  before,  we  stop  the  runs  at 


c^opt-  The  region  in  Fig.  8  with  low  (£’)-values  corresponds  to  a 
negative  d  region,  as  discussed  earlier.  From  Fig.  7,  one  can  see 
that  L  ~  0.05A  gives  and  optimal  result  for  r/  =  0.2.  In  practice, 
bunches  are  usually  not  that  short  (5  //,m).  Our  results  show  that 
a  low  energy  spread  can  be  maintained  up  to  L  =  0.2A,  but  with 
a  smaller  range  of  suitable  The  decrease  in  relative  energy 
spread  at  the  front  corner  of  the  graph  is  due  to  particle  loss. 

We  conclude  our  investigations  by  considering  the  effect  of 
changing  both  bunch  length  and  beam  loading  at  a  fixed  in¬ 
jection  phase  —  TT.  Figs.  9  and  10  show  relative  energy 
spread  and  mean  energy  as  functions  of  beam  loading  fraction 
and  bunch  length.  Again,  the  simulations  were  stopped  at 
Fig.  9  demonstrates  that  a  low  energy  spread  can  be  reached  for 
nearly  every  value  of  7?  between  O-I  by  tuning  the  bunch  length 
L.  In  the  region  below  line  A,  r/opt  is  in  agreement  with  (10). 
In  the  other  region,  where  the  energy  spread  is  much  higher,  the 
value  indicated  by  (10)  is  too  large.  Here,  the  minimum  in  en¬ 
ergy  spread  is  reached  after  a  maximum  in  energy  gain  has  oc¬ 
curred.  This  means  that  at  some  stage,  a  part  of  the  bunch  is  de¬ 
celerated  and  another  part  is  still  accelerated.  Consequently,  our 
assumption  that  the  distance  between  particles  does  not  change 
breaks  down,  and  the  relative  energy  spread  increa.ses  dramat¬ 
ically.  The  above  results  sugge.st  that  an  optimum  in  A£/{S) 
can  be  reached  by  a  proper  tuning  of  the  beam  parameters  rj,  L, 
and  In  practical  terms,  the  injection  phase  is  the  most  dif¬ 
ficult  parameter  to  tune:  it  implies  a  femtosecond  accuracy  in 
injecting  the  bunch  into  the  plasma  wave.  Solving  this  difficulty 
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is  a  major  challenge  for  the  future  design  of  a  plasma-based  ac¬ 
celerator. 


V.  Summary  AND  Conclusion 

In  summary,  we  have  studied  the  dynamics  of  electron  accel¬ 
eration  in  a  one-dimensional  plasma  wave,  with  particular  atten¬ 
tion  for  a  minimization  of  energy  spread.  The  two  major  mech¬ 
anisms  that  contribute  to  the  energy  spread  (finite  bunch  length 
L  and  beam  loading  r?)  have  been  shown  to  counterbalance  each 
other  at  a  certain  acceleration  distance  dopt-  We  have  obtained 
an  approximate  relation  (10)  that  expresses  dopt  in  terms  of  77,  L, 
and  injection  phase  V^in.  Using  a  particle  code,  we  have  demon¬ 
strated  that  indeed,  a  low  energy  spread  and  high  energy  gain 
can  be  achieved  if  the  parameters  7?,  L,  T/^in,  and  d  are  properly 
tuned.  The  corresponding  parameter  window  is  relatively  wide, 
with  the  most  crucial  parameter  being  T/^jn,  which  requires  a  fem¬ 
tosecond  accuracy  in  bunch  injection. 
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Laser  Wakefield  Acceleration  of  Short  Electron 

Bunches 

Nikolai  E.  Andreev  and  Sergey  V.  Kuznetsov 


Abstract—  he  theory  of  electron  acceleration  in  a  plasma  wake 
wave  is  developed,  and  the  dependence  of  the  main  characteristics 
of  accelerated  electron  bunches  on  the  wakefield  parameters  is 
investigated.  It  is  shown  that  using  a  prebunching  stage,  under 
proper  conditions,  the  final  electron  density  of  a  compressed  and 
accelerated  bunch  can  exceed  the  initial  electron  beam  density 
by  orders  of  magnitude  and  that  longitudinal  bunch  compression 
provides  quasi-monoenergetic  acceleration  to  high  energies.  It  is 
demonstrated  that,  for  an  initial  electron  beam  radius  smaller 
than  the  optimal  one  for  efficient  beam  trapping,  the  energy 
spread  of  the  compressed  and  accelerated  electron  bunch  and  its 
length  can  be  evaluated  by  using  the  simple  analytical  predictions 
of  a  one-dimensional  (1-D)  theory.  The  obtained  analytical  results 
are  confirmed  by  three-dimensional  {3-D)  numerical  modeling. 


L  Introduction 

The  new  methods  of  electron  acceleration  in  a  fast  plasma 
wake  wave  excited  by  a  short,  intense  laser  pulse  in  rar¬ 
efied  plasma  attract  the  attention  of  many  investigators  (see  re¬ 
views  [1]  and  [2]  and  references  therein).  Further  progress  in 
laser-plasma  accelerators  is  dependent  not  only  on  the  realiza¬ 
tion  of  ultrahigh  accelerating  gradients,  but  also  on  the  possi¬ 
bility  to  provide  extended  quasi-monoenergetic  acceleration  for 
appreciably  bulk  electron  charges.  For  many  applications,  the 
important  characteristics  are  the  duration  and  emittance  of  ac¬ 
celerated  electron  bunches  [3].  The  inhomogeneity  of  a  compar¬ 
atively  short-wavelength  plasma  wakefield  is  responsible  for  the 
electron  bunching  in  the  energy  distribution  [4],  f  1 8],  [5]  and  in 
space  [6]-[8],  which  makes  it  possible  to  produce  ultrashort  rel¬ 
ativistic  electron  bunches  [91. 

In  the  present  paper,  we  develop  the  theory  of  electron  ^lccel- 
eration  in  a  plasma  wake  wave  to  investigate  the  dependence  of 
the  main  characteristics  of  accelerated  electron  bunches  on  the 
wakefield  parameters.  Special  attention  is  paid  to  the  formation 
of  short,  compressed  bunches  from  a  lengthy  electron  beam.  It 
is  shown  that  using  the  prebunching  stage,  under  proper  condi¬ 
tions,  the  final  electron  density  of  the  compressed  and  acceler¬ 
ated  bunch  can  exceed  the  initial  electron  beam  density  in  orders 
of  magnitude.  At  the  same  time,  the  longitudinal  compression 
of  the  electron  bunch  provides  quasi-monoenergetic  accelera¬ 
tion  to  high  energies.  The  obtained  analytical  predictions  are 
confirmed  by  the  results  of  three-dimensional  (3-D)  numerical 
modeling. 
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The  paper  organized  as  follows.  In  Section  II,  we  briefly  re¬ 
view  the  main  regularities  of  the  finite-size  electron  bunch  ac¬ 
celeration  in  the  laser  wakefield.  Section  III  describes  the  effect 
of  longitudinal  compression  of  finite-size  electron  bunches  and 
3-D  tree-dimensional  bunching  of  lengthy  electron  beams.  The 
main  characteristics  of  preliminary  compressed  and  accelerated 
electron  bunch  are  discus.sed  in  Section  IV.  A  conclusion  is  pre¬ 
sented  in  Section  V. 


II.  General  Regularities  of  Electron  Bunch 
Acceleation  in  the  Plasma  Wakefields 

To  investigate  the  acceleration  of  relativi.stic  electrons  in  the 
wakefield  generated  by  a  laser  pulse  propagating  along  the  axis 
OZ,  we  use  the  equations  of  motion  in  the  form  [10] 


dr 


dPr 

dr 


Fritp) 


dr  ~  +p1  +  Pr 

^  P, 

dr  yi  +  pI  +  pj. 


-ft 


(1) 

(2) 

(3) 

(4) 


where  /K.p,.  j/u-.p.v}  are  normalized  to  vie  longitudinal 

and  perpendicular  to  the  axis  OZ-components  of  momentum 
of  an  accelerating  electron;  ^  =  k^,{z  -  Vpht),P  -  kpT  ” 
kp{x.  y}  —  kpr{co^(p,H\nip},  ip  —  ciYcig{y/x)  are  its  dimen¬ 
sionless  coordinates;  r  =  ujpt\  electron  plasma  frequency  tUp  — 
\/47rchio/m.  and  wavenumber  of  the  plasma  wave  kp  =  Up/c 
are  determined  by  the  background  plasma  density  uo;  and  fi  = 
Vpi,  / r  is  the  dimensionless  phase  velocity  of  the  wake.  The  axial 
and  radial  (F;.  =  {Fj.Fp}  =  F,.{c().s  (^.  si  u(p})  components  of 
the  normalized  force  acting  on  the  accelerating  electron  moving 
with  the  velocity  of  light  c  along  the  OZ-i\\\s  can  be  expressed 
by  the  wakefield  potential  </)  as  follows: 


_  \(-\  0(1) 

nwio'p 

_  cEr  _  |r|  0(1) 

~  -7;—.  (6) 

vicujp  rncujp  ni.r^  op 

We  consider  the  axisymmetric  geometry  of  the  problem  when 
the  laser  pulse  intensity  and,  hence,  the  wakefield  potential  arc 
independent  on  the  azimuth  angle.  We  suppose  also  that  the 
wakefield  potential  depends  only  on  comoving  with  the  laser 
pulse  variable  ^  and  p  (and  does  not  depend  directly  on  time). 
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which  assumes  a  stationary  (channel-guided)  laser  pulse  prop¬ 
agation  [11].  Note  that  (6)  for  the  radial  force  of  allowing  for 
Wakefield  magnetic  field  is  valid  (strictly  speaking)  for  ac¬ 
celerating  electrons  with  radial  velocities  smaller  than  the  ve¬ 
locity  of  light  c.  But,  in  the  cases  of  not  very  high  nonlinearity 
of  the  wake  wave  {\e(l)\/mc^  <  1)  and  characteristic  transverse 
scale  of  the  wake  is  in  excess  of  plasma  skin  depth  k~^,  the 
Wakefield  magnetic  field  is  small  in  comparison  with  the  elec¬ 
tric  field  of  the  wake  [12],  [19],  and  both  components  of  force 
(5),  (6)  are  potential  independently  on  radial  velocities  of  accel¬ 
erated  electrons. 

The  stationarity  of  the  wakefield  in  the  frame  of  the  wave 
(moving  with  the  phase  velocity  Vph  along  the  OZ-axis)  makes 
it  possible  to  write  the  energy  conservation  of  accelerated  elec¬ 
tron  in  the  wave  frame 


E'  -  r')  =  (7) 

where 

E'  kinetic  energy  of  an  electron  (including  the  rest 

energy); 

(/)'  wakefield  potential; 

^inj5  ^inj  initial  coordinates  of  injection  of  electron  to  the 
wakefield;  the  primes  denote  that  all  quantities 
are  recast  to  the  wave  frame  by  the  relativistic 
transformation. 

For  the  analysis  of  electron  acceleration,  we  start  in  one-di¬ 
mensional  (1-D)  approximation,  neglecting  radial  motion  when 
the  wakefield  potential  depends  mainly  on  the  longitudinal  vari¬ 
able  f  (that  is  the  case  of  a  small  radius  of  electron  bunch  in 
comparison  with  the  transverse  scale  of  wakefield).  We  also  sup¬ 
pose  that  the  initial  energy  of  injected  electrons  Einj  is  no  less 
than  the  resonant  one  defined  by  the  phase  velocity  of  the  wake 
{Einj  >  The  use  of  (1),  (3),  and  (7)  leads  to  the  ex¬ 

pression  for  the  energy  spread  AE  of  an  initially  monoenergetic 
electron  bunch  of  a  comparatively  small  length  L^o  <  [13]. 

The  maximal  relative  energy  spread  in  accordance  with  this  re¬ 
sult  can  be  estimated  by  a  rather  simple  formula  (compare  [14]) 


AT?  ITT 


dm] 

di  j 


(8) 


which  shows  that  the  energy  spread  increases  linearly  with  the 
initial  bunch  length,  and  it  is  determined  by  the  space  depen¬ 
dence  of  the  wakefield  potential  in  the  region  used  for  accel¬ 
eration.  For  example,  in  a  linear  harmonic  wake  wave  with  the 
potential 


p)  =  -<Po  cos(^)  exp{-p'^l{kpRp?)  (9) 

the  energy  spread  (8)  does  not  depend  on  the  wakefield  ampli¬ 
tude  (j)o  and  increases  with  the  length  of  acceleration  up  to  the 
value 


AE/E  -  kpLto  (10) 

when  the  electron  bunch  injected  in  the  maximum  of  acceler¬ 
ating  field  at  ^inj  =  7r/2  (that  is  beginning  of  the  focusing  phase) 
reaches  the  maximum  of  the  potential  at  ^  =  tt. 

Fig.  1  shows  the  energy  spread  of  electron  bunches  of  dif¬ 
ferent  sizes  in  relation  to  the  length  of  acceleration  Lace  normal¬ 


Fig.  1.  Normalized  energy  spread  as  a  function  of  accelerating  length 
Lace  (in  units  of  dephasing  length  Lph  =  —  (3) =  7^Ap)  for 

electron  bunches  of  different  sizes:  squares — fepL^o  =  0.1,  kpRb  =  1.0; 
triangles — kpLbo  =  kpRb  —  0.628;  circles — kpLbo  =  0.1,  1-D  modeling; 
solid  and  dash  lines  are  analytical  predictions  by  (8)  for  fepL^o  =  0.1  and 
0.628,  respectively.  The  wakefield  potential  was  chosen  in  the  form  (9)  with 
the  amplitude  0o  =  0.3  and  kpRp  ~  3. 

ized  to  the  dephasing  length  Lph  =  Trk~^{l  - 
which  is  the  distance  an  electron  travels  in  the  laboratory  frame 
when,  in  the  wave  frame,  it  passes  between  the  minimum  and 
the  maximum  of  the  potential  (from  ^  =  0  to  ^  =  tt).  The 
wakefield  potential  was  chosen  in  the  form  (9)  with  the  ampli¬ 
tude  ^0  =  0-3  and  kpRp  =  3.  The  phase  of  electron  bunch  in¬ 
jection  for  all  examples  was  at  the  beginning  of  focusing  phase 
(6nj  =  7r/2). 

As  indicated  by  Fig.  1,  the  initial  electron  bunch  radius 
can  influence  substantially  the  energy  spread  at  the  beginning  of 
acceleration.  However,  when  the  length  of  acceleration  is  com¬ 
parable  with  the  maximum  one  (i.e..  Lace  is  of  order  Lph/2),  the 
1-D  estimation  (8)  describes  the  results  of  3-D  numerical  mod¬ 
eling  accurately,  even  for  rather  long  bunches  [when  kpLj^o  1 , 
that  is  the  boundary  of  applicability  of  analytical  result  (8)]. 
From  this  analysis,  it  is  apparent  that  the  initial  bunch  length 
is  the  main  parameter  defining  the  final  energy  spread  when  a 
gain  in  electron  bunch  energy  approaches  the  maximum  value 
L/max  Lace  ~  Bphj^. 

III.  Longitudinal  Compression  of  the  Finite  Size 
Electron  Beam 

The  longitudinal  bunch  compression  in  the  plasma  wakefield 
before  the  main  accelerating  stage  was  analyzed  [7],  [9],  [13], 
[15],  [20]  and  proposed  to  minimize  the  energy  spread  [16], 
[21].  The  strongest  bunch  compression  will  take  place  in  the 
area  of  the  highest  negative  gradient  of  the  accelerating  force 
(where  <  0),  i.e.,  near  the  wakefield  potential  max¬ 
imum  —  0max-  It  was  showu  that  the  length  (Lt)  of  the 

bunch,  injected  at  ^inj  -  with  the  energy  below  the  resonant 
one  (Linj  <  7mc^  ,7  =  1/  ,  decreases  with  the  bunch 
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slippage  from  to  the  trapping  point  (tr  (turning  point  of  the 
electron  motion  in  the  wave  frame)  as  follows  [9]: 


L„{0  ^  gi..j7/(0  |^|7V(0 

Lio  2rnr.E{0 


^bO 


(11) 


In  deriving  this  equation,  the  injected  bunch  was  assumed 
monoenergetic,  homogeneous,  and  located  in  the  interval 
[^7n  “  f^'pLho,^7ii],  ^'pTjho  <  1-  The  minimal  length  of  the  bunch 
(without  regard  for  the  radial  electron  motion)  is  determined  by 
its  initial  length  L/,o  and  the  wakefield  potential  at  the  points 
of  injection  and  trapping 


—  ^2{Ctr^^'p 


r2  _  KLl,  |c?V;(^„,)/^Cl 
“  2 


(12) 


This  equation  shows  that  for  effective  compression,  the  initial 
bunch  length  should  not  exceed  the  plasma  skin  depth  k~^  and 
that  the  compression  factor  Lio/Li,  increases  with  reduction  of 
the  initial  bunch  length  and  does  not  depend  directly  on  the  am¬ 
plitude  and  phase  velocity  of  the  wake  if  the  electron  capture 
condition  is  fulfilled.  The  minimal  bunch  length  will  be  obtained 
when  at  the  trapping  point,  the  accelerating  force  has  a  max¬ 
imum.  For  example,  in  the  linear  harmonic  wake  wave  (9)  at 
6ni  =  6n  =  TT,  the  maximum  bunch  compression  takes  place 
when  —  7r/2  (at  the  beginning  of  the  focusing  phase),  and 
in  accordance  with  (12),  we  have 
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Fig.  2.  Depen(dency  (14)ofthe  wakefield  amplitude,  necessary  for  the  electron 
bunch  trapping,  on  the  electron  injection  energy  for  =  7r/2  and  7  = 
50. 


bunching  [9],  [13],  [15],  [20].  Note  again  that  the  final  minimal 
size  of  compressed  bunch  ( 1 3)  does  not  depend  on  the  wakefield 
amplitude  and  so  on  the  injection  electron  energy. 

The  energy  spread  of  an  initially  monoenergetic  and  compar¬ 
atively  short  (L^o  <  /Cp^)  electron  bunch  due  to  its  compression 
can  be  estimated  as  follows  [13]: 


U  =  k,j4j2.  (13) 

In  order  that  electrons  with  the  initial  energy  (injected 
in  the  vicinity  of  the  maximum  of  potential  0,nax)  were  trapped 
at  the  given  point  the  potential  difference  should  satisfy  the 
condition 

Iclfc/^niax  “ 

=  Eit,j  -  [(1  -  7“^)  (27?  j  -  rr?7;'^)]  (14) 

Fig.  2  illustrates  the  dependency  ( 1 4)  of  the  wakefield  amplitude 
on  the  electron  injection  energy  for  =  7r/2  and  7  —  50.  It 
shows  the  substantial  increase  of  the  wave  amplitude,  necessary 
for  the  electron  bunch  trapping,  with  the  decrease  of  the  energy 
of  an  injected  bunch.  For  small  injection  energy  of  order  1  MeV, 
the  normalized  wakefield  amplitude  should  be  high,  of  order  of 
10%,  whereas  for  £'i„j  10  MeV,  the  amplitude  of  the  wake- 

field,  sufficient  for  trapping  of  an  injected  bunch,  appears  to  be 
rather  small,  |e|(/)o/mc^  >  0.01. 

Consequently,  the  different  schemes  of  prebunching  should 
be  used  depending  on  the  electron  injection  energy.  For  small 
enough  energies  of  injection  (of  order  1  MeV),  the  bunch  com¬ 
pression  and  acceleration  can  be  achieved  in  the  same  high  am¬ 
plitude  wake  wave  by  a  proper  injection  phase  at  the  maximum 
of  the  wakefield  potential  [17].  Although  for  higher  injection  en¬ 
ergies  (of  order  of  10  MeV  or  more),  the  wakefield  amplitude, 
necessary  for  the  effective  bunch  compression,  should  be  too 
small  in  order  that  the  compressed  electron  bunch  could  be  sub¬ 
stantially  accelerated  in  the  same  wakefield  after  its  trapping. 
In  this  case,  the  acceleration  of  compressed  bunch  in  high-am- 
plitude  wakefield  has  to  be  in  the  separate  section  after  pre¬ 


where  is  the  impulse  of  injected  electrons  in  the  frame  of 
wave.  This  expression  shows  that  at  the  trapping  point  [in  accor¬ 
dance  with  (14)],  the  spread  is  dependent  only  on  the  injection 
energy  and  initial  bunch  length 


El  ■  — 

|A£;|  =  Ei„jAvL5o  /  " ’ 


E-  •  -f  rnc? 

in.)  ' 


(16) 


From  (16),  it  is  evident  that  for  small  enough  energies  of  in¬ 
jection  (of  order  of  a  few  electronvolts),  the  energy  spread  in¬ 
creases  practically  linearly  with  the  injection  electron  energy  (as 
^inj  ^  ^his  case).  The  results  of  3-D  numerical  mod¬ 

eling  confirm  simple  analytical  predictions  (12),  (13)  and  (15), 
(16)  for  the  cases  of  a  small  radius  of  electron  bunch  in  compar¬ 
ison  with  the  transverse  scale  of  the  wakefield  [9],  [13]. 

It  should  be  reminded  that  for  efficient  compression,  the  ini¬ 
tial  bunch  length  should  not  exceed  the  plasma  skin  depth 
[see  (12)  and  (13)]  that  imposes  rather  hard  constraints  on  the 
initial  bunch  duration.  For  example,  if  the  wakefield  with  7  = 
50  is  generated  by  a  l-//m  laser,  the  electron  bunch  duration 
should  not  exceed  20  fs.  Below,  we  describe  the  formation  of 
short  compressed  bunches  from  a  lengthy  electron  beam,  which 
the  duration  is  in  excess  of  the  plasma  wave  period. 

Equation  (12)  can  be  used  also  to  describe  the  local  electron 
den.sity  distribution  in  the  vicinity  of  the  trapping  point  (in  1-D 
approximation)  [9] 


n{0  = 


(17) 
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where  no  is  the  initial  density  of  injected  lengthy  electron  beam 
(assumed  to  be  homogeneous  with  the  energy  below  the  reso¬ 
nant  one,  Einj  <  7mc^),  a2  is  determined  by  (12),  and  ^tr  is 
the  trapping  coordinate  of  a  beam  electron  located  initially  at  the 
maximum  of  the  potential.  Note  that  at  the  instant,  this  electron 
is  trapped,  all  surrounding  electrons  are  behind  it,  at  ^ 
in  accord  with  (17),  In  the  harmonic  wakefield  (9),  a2  ^  0.5  if 
^tr  ^  7r/2.  The  singular  (integrated)  density  distribution  (17) 
shows  that  the  initially  homogeneous  electron  beam  is  strongly 
bunched  near  the  trapping  point.  This  bunching  effect  can  be 
used  to  form  short  electron  bunches  due  to  the  radial  forces.  If 
the  trapping  point  [determined  by  the  wakefield  amplitude  and 
injection  energy;  see  (14)]  will  be  in  the  vicinity  of  the  begin¬ 
ning  of  the  focusing  phase  [^foc  =  7r/2  for  the  potential 
(9)1,  the  bunched  electrons  within  the  small  interval  [^foc,6r] 
will  still  be  in  the  focusing  phase,  whereas  the  tail  of  the  dis¬ 
tribution  (17)  at  ^  <  ^foc  will  start  to  spread  due  to  defocusing 
radial  forces  of  the  wakefield. 

The  averaged  density  (per  unit  length)  of  compressed  electron 
bunch  can  be  estimated  with  the  help  of  distribution  (17) 

(«>  =  ,  . /  HO  H 

KpEb[^tr)  Jefoc 

=  “^no/ a2{^tr)kpLb{^tr)  (18) 

where  kpL^i^tr)  —  6r  -  ^foc  is  the  bunch  length  cut  by  the 
boundary  of  the  focusing  phase.  This  expression  shows  that 
when  the  trapping  point  approaches  the  boundary  of  the  fo¬ 
cusing  phase  {kpLb{^tr)  "C  1 ) ,  the  averaged  density  of  the  com¬ 
pressed  bunch  exceeds  substantially  the  initial  density  of  the  in¬ 
jected  electron  beam.  Moreover,  for  the  electron  beams  longer 
than  the  plasma  wavelength,  the  discussed  process  will  produce 
a  sequence  of  short  compressed  bunches  at  the  boundaries  of 
each  focusing  phase  [at  ^  —  7r/2  -j-  27rn,  n  =  0, 1, 2, . . .  for 
the  wakefield  potential  (9)],  and  this  train  will  be  in  phase  with 
the  wakefield  that  provides  the  effective  acceleration  to  all  com¬ 
pressed  bunches  in  the  wake  with  the  same  phase  velocity.  The 
estimation  (18)  was  confirmed  by  1-D  numerical  modeling  (that 
is  the  case  of  small  beam  radius  Rp)  [9]. 

In  the  case  of  wide  enough  injected  beams,  the  important  pa¬ 
rameter  is  the  effective  acceptance  radius,  which  determines  the 
transverse  size  of  the  beam  that  can  be  trapped,  and  so  controls 
the  averaged  density  (and  the  number  of  electrons)  in  the  com¬ 
pressed  bunch.  For  the  wakefield  potential  (9),  the  boundary  of 
area  from  which  electrons  will  be  trapped  in  the  focusing  phase 
can  be  found  by  (7) 

R{^)  =  |ln 


=  Rp  l^ln 

(19) 


-cos(0|e|<^o 
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Fig.  3  illustrates  the  area  of  electron  trapping  from  a  ho¬ 
mogeneous  beam  of  initial  radius  R^  =  1.6fc”^,  energy 

E[nj/mc^  =  20,  injected  in  the  wakefield  (9)  with  the  flowing 
parameters:  =  O.Ol^kpRp  =  3.0,7  =  50.  The 


Fig.  3.  Area  of  electron  trapping  from  a  homogeneous  beam  (with  initial  radius 
Rb  =  ^ ,  energy  Einj/mc'^  ~  20),  injected  in  the  wakefield  (9)  with  the 

flowing  parameters:  \e\4>Qmc^  —  0.01,  kpRp  =  3.0,7  =  50.  The  points 
depict  the  initial  positions  of  electrons  (in  the  plane  cross  section  (yinj,Cinj) 
obtained  by  3-D  numerical  modeling),  which  are  trapped  in  the  focusing  phase 
after  acceleration  in  the  wakefield  over  the  distance  Lace  =  0.234Lp^.  The 
solid  curve  represents  the  analytically  obtained  boundary  (19). 


points  depict  the  initial  positions  of  electrons  (in  the  plane 
cross  section  (yinj,  ^inj)  obtained  by  3-D  numerical  modeling), 
which  are  trapped  in  the  focusing  phase  after  acceleration 
in  the  wakefield  over  the  distance  Lace  =  0.23ALph  that 
corresponds  to  the  trapping  of  an  electron,  located  initially  at 
the  potential  maximum  ^rn  =  tt,  at  the  point  ^tr  —  1-67.  The 
solid  curve  represents  the  analytically  obtained  boundary  (19) 
and  demonstrates  the  close  agreement  of  simple  predictions, 
based  on  the  energy  conservation  law  (7),  with  3-D  numerical 
modeling. 

Equation  (19)  enables  us  to  estimate  the  maximal  radius  of 
an  injected  electron  beam,  which  can  be  trapped  by  the  given 
wakefield  depending  on  the  injection  electron  energy: 


(20) 

For  the  parameters  (|e|(/)o/?77c^  =  O.Ol^kpRp  =  3.0,7  = 
50,Linj/7nc^  =  20)  indicated  above,  this  equation  gives 
R^^^  =  0.97kp^  that  limits  the  injected  beam  radius  suitable 
for  the  bunch  compression.  If  the  beam  having  the  initial 
radius  Ri  =  i^max  —  fcp  ^  is  injected  in  the  wakefield  with 
the  parameters  discussed  above,  the  trapping  area  (19)  will 
contain  an  order  of  10%  of  electrons  falling  into  the  plasma 
wavelength.  The  averaged  electron  density  of  the  bunch  trapped 
in  the  focusing  phase  will  be  approximately  seven  times  larger 
than  the  initial  beam  density,  whereas  the  1-D  estimate  (18) 
gives  a  nine-fold  increase  of  the  initial  electron  density  for  the 
considered  example.  Note  that  for  Rb  <  i^max.  the  averaged 
bunch  density  can  exceed  the  value  (18)  due  to  radial  bunch 
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Fig.  4.  Bunch  separation  and  acceleration  in  the  wakefield  potential  (9)  with 
the  amplitude  I c|<;6o/mr2  =  —  3.0  and  o  =  50.  Snapshots  at 

Lacc/Lph  =  0.0;  0.0318  and  0.382,  respectively,  demonstrate  the  bunch 
“cleanout”  from  the  electrons  located  in  the  defocusing  phase  after  the 
bunching  stage.  The  initial  parameters  of  the  electron  beam  are  the  same  as  in 
Fig.  3  {Eu^i/wr:^  20,  Ru  = 

compression  by  focusing  forces  (see  below  the  example  for 
i?,6  =  0.5A:-i). 

IV.  Wakefield  Acceleration  of  Trapped  Compressed 
Electron  Bunches 

After  the  trapping,  the  compressed  electron  bunch  has  a  near¬ 
resonant  energy  E  =  jmc?  and  can  be  effectively  accelerated 
in  a  high  amplitude  plasma  wave  (in  the  next  accelerating  stage 
if  a  small  amplitude  wakefield  was  used  at  the  bunching  stage, 
or  in  the  same  wakefield  for  small  enough  energies  of  injected 
electrons;  see  previous  section).  Fig.  4  illustrates  (in  the  plane 
cross  section  obtained  by  3-D  numerical  modeling)  the 
bunch  separation  and  acceleration  in  the  wakefield  potential  (9) 
with  the  amplitude  \e\(j)o/rru:^  —  0.3,  kpRp  ~  3.0,  and  7  =  50. 
The  initial  parameters  of  the  electron  beam  were  the  same  as  in 
Fig.  3  {E[n]/mc^  ~  20,  The  initial  phase  loca¬ 

tion  of  the  bunch  in  Fig.  4(a)  corresponds  to  that  at  the  instant 
the  bunch  was  trapped  in  the  bunching  stage  (it  means  that  the 
compressed  bunch  was  injected  into  the  accelerating  stage  just  at 
the  beginning  of  the  focusing  phase  marked  by  the  dashed  line 
at  =  ^foc  ==  7r/2).  Fig.  4(b)  and  (c)  at  L^cc/Lph  -  0.0318 
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Fig.  5.  Root-mcan-squarc  bunch  radius  (^0  and  normalized  emittance 
Si\  (b)  in  relation  to  accelerating  length  for  R^  =  LGA'7’  >  — circles 

and  Ri  =  ().5L“^  <  — squares.  Solid  circles  and  squares  depict  the 

electrons  from  focusing  phase  (compressed  part  of  the  bunch),  and  open  figures 
depict  all  electrons  with  r  <  Rp  =  3A  “L  The  wakefield  and  initial  beam 
parameters  are  the  same  as  in  Fig.  4. 

and  L^cc/Lph  =  0.382,  respectively,  demonstrate  the  bunch 
“cleanout”  from  the  electrons  located  in  the  defocusing  phase 
just  after  the  bunching  stage. 

For  the  initial  beam  radius  smaller  than  the  maximal  trapping 
radius  (20),  the  process  of  bunch  separation  and  acceleration  is 
much  like  the  previous  one  described  in  Fig.  4.  The  main  dif¬ 
ference  is  reflected  by  the  substantial  reduction  of  the  bunch 
emittance  due  to  a  decrease  of  the  root-mean-square  bunch  ra¬ 
dius  (i?rnis)  during  the  processes  of  compression  and  acceler¬ 
ation,  as  is  shown  in  Fig.  5  for  B^  =  1.6/,:“^  >  i?-niax  and 
Bi  =  0.5kp^  <  7?.max-  A  decrease  in  the  initial  beam  radius 
to  Bi,  —  0.5kp^  also  leads  to  an  enhancement  of  the  averaged 
electron  density  of  the  compressed  bunch  up  to  15  times,  com¬ 
pared  with  the  initial  beam  density,  in  the  bunching  stage  and 
up  to  7  X  10^  times  at  the  accelerating  stage  [see  Fig.  5(a)]. 

Fig.  6  shows  the  maximum  electron  energy  and  the  energy 
spread  of  compressed  bunches  of  different  initial  radius  in  re¬ 
lation  to  the  length  of  acceleration  Larr  normalized  to  the  de¬ 
phasing  length.  The  initial  energy  spread  due  to  the  prebunching 
stage  [at  =  0  in  Fig.  6(b),  solid  circles  and  squares]  can  be 
closely  approximated  by  (16)  for  electrons  trapped  in  the  fo¬ 
cusing  phase.  Note  that  the  initial  length  of  the  trapped  beam 
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Fig.  6.  Maximum  electron  energy  and  normalized  energy  spread  of 
compressed  bunches  of  different  initial  radius  in  relation  to  the  length 
of  acceleration  Lace  normalized  to  the  dephasing  length.  Notations  and 
parameters  are  the  same  as  in  Fig.  5. 

Lfco  ~  0.9A;"^  in  accord  with  Fig.  3  and  (19),  and  that  the  max¬ 
imal  energy  spread,  evaluated  by  (16),  is  equal  to  2\/3A£’rnis 
for  uniform  energy  distribution  in  the  bunch.  For  the  initial  beam 
radius  smaller  than  the  maximal  one  (20),  the  increase  in  en¬ 
ergy  spread  due  to  the  bunch  acceleration  can  be  again  closely 
approximated  by  1-D  theory  using  (8)  and  (10),  as  indicated  by 
Fig.  6(b)  [see  solid-square  line  at  Lace  >  O.lLp/i  and  take  into 
account  that  the  bunch  length  after  compression,  at  the  begin¬ 
ning  of  acceleration  stage,  L^o  =  0.lk~^  in  accord  with  Fig.  3 
and  (13)]. 

It  is  worth  noting  that  fully  1-D  numerical  modeling  of  the 
beam  compression  and  bunch  acceleration  (with  the  same  pa¬ 
rameters  as  in  Figs.  3  and  4,  except  Rt  ~  0)  has  led  to  a 
practically  identical  dependence  of  energy  spread  on  the  accel¬ 
erating  length  with  Fig.  6(b)  (solid-square  line).  It  means  that 
for  initial  electron  beam  radius  smaller  than  Rma,x  (20),  the  en¬ 
ergy  spread  due  to  bunch  compression  and  acceleration  is  de¬ 
termined  mainly  by  the  longitudinal  electron  motion  in  an  inho¬ 
mogeneous  Wakefield  and  that  this  spread  (along  with  the  bunch 
length)  can  be  evaluated  by  using  simple  analytical  predictions 
of  1-D  theory  presented  above. 

Note  also  that  1-D  modeling  of  the  bunch  compression  and 
acceleration  with  the  injection  electron  energy  Linj/mc^  =  2 
(and,  consequently,  with  the  wakefield  amplitude  \e\(l)o/mc^  = 
0.3  for  both  bunching  and  acceleration  stages)  has  led  to  the 


same  energy  spread  as  shown  in  Fig.  6(b)  (solid- square  line), 
except  a  small  vicinity  of  Lace  =  0.  In  this  vicinity  (at  the  be¬ 
ginning  of  acceleration  stage.  Lace  <  Lph),  the  energy  spread 
is  determined  by  the  spread  due  to  the  bunch  compression  and, 
in  accordance  with  (16),  falls  with  decreasing  injection  energy. 

V.  Conclusion 

The  dynamics  of  main  characteristics  of  electron  bunches  ac¬ 
celerated  in  a  wake  plasma  wave  was  investigated  analytically 
and  confirmed  by  3-D  numerical  modeling.  It  is  shown  that 
using  the  prebunching  stage,  under  proper  conditions,  the  final 
electron  density  of  the  compressed  and  accelerated  bunch  can 
exceed  the  initial  electron  beam  density  in  orders  of  magnitude. 
The  simple  estimation  of  the  maximal  radius  i^max  (20)  of  the 
electron  beam  that  can  be  effectively  trapped  and  compressed 
in  the  focusing  phase  of  the  wakefield  is  found.  It  is  demon¬ 
strated  that  for  initial  electron  beam  radius  smaller  than  i?rnax. 
the  energy  spread  of  the  compressed  and  accelerated  electron 
bunch  and  its  length  can  be  evaluated  by  using  simple  analytical 
predictions  of  presented  1-D  theory.  The  effect  of  longitudinal 
compression  of  finite-size  electron  bunches  and  3-D  bunching 
of  lengthy  electron  beams  provides  quasi-monoenergetic  accel¬ 
eration  to  high  energies. 
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Abstract — Acceleration  of  large  populations  of  ions  up  to  high 
(relativistic)  energies  may  represent  one  of  the  most  important  and 
interesting  tools  that  can  be  provided  by  the  interaction  of  petawatt 
laser  pulses  with  matter.  In  this  paper,  the  basic  mechanisms  of 
ion  acceleration  by  short  laser  pulses  are  studied  in  underdense 
plasmas.  The  ion  acceleration  does  not  originate  directly  from  the 
pulse  fields,  but  it  is  mediated  by  the  electrons  in  the  form  of  elec¬ 
trostatic  fields  originating  from  channeling,  double  layer  forma¬ 
tion,  and  Coulomb  explosion. 

Index  Terms — Coulomb  explosion,  ion  acceleration,  par¬ 
ticle-in-cell  simulation,  relativistic  plasmas,  ultraintense  laser 
pulses. 

L  Introduction 

PARTICLE  acceleration  by  an  ultraintense  laser  pulse  in¬ 
teracting  with  a  plasma  is  a  fundamental  theoretical  sub¬ 
ject  with  practical  applications  to  inertial  confinement  fusion 
[1],  nonlinear  optics  of  relativistic  plasmas  [2],  laser-induced 
nuclear  reactions  [3],  [25],  ion  injection  into  conventional  ac¬ 
celerators,  hadrontherapy  in  medicine  [4],  and,  for  extreme  ac¬ 
celerations,  to  the  testing  of  Unmh  radiation  [5].  In  addition, 
the  presence  of  fast  electrons  and  ions  and  their  angular  distri¬ 
bution  can  be  used  to  identify  various  mechanisms  occurring  in 
the  laser-plasma  dynamics,  such  as  wavebreak,  self-focusing, 
filamentation  and  channel  formation,  magnetic  field  generation, 
soliton  propagation,  and  so  on. 

The  conversion  of  the  laser  energy  into  intense  relativistic 
electron  beams  by  ultrahigh  electric  fields  can  be  achieved,  for 
example,  during  the  breaking  of  the  wake  plasma  waves  [6], 

[7].  The  breaking  and  the  particle  acceleration  can  occur  either 
in  the  direction  of  the  laser  pulse  or  in  the  transverse  plane 

[8].  The  formation  of  these  electron  beams  and  their  dynamics 
depend  on  the  complex  nonlinear  interplay  of  various  addi¬ 
tional  plasma  processes,  such  as  relativistic  pulse  self-focusing 

[9]-[lI],  hosing  [12],  [26],  self-modulation  [13],  [27],  [28] 
channeling  and  magnetic  field  generation  [14],  [29]-[31].  For 
present  day  ultraintense  laser  pulses,  typical  electron  energies 
are  of  the  order  of  100  Mev  or  more  [15],  [32],  [33]. 
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Due  to  the  strong  difference  between  the  ion  and  the  electron 
mass,  ion  acceleration  mechanisms  are  different  from  those  ef¬ 
fective  on  electrons  and  require  more  intense  laser  pulses.  In¬ 
deed,  when  a  laser  pulse  interacts  with  an  underdense  plasma, 
ions  are  usually  assumed  to  be  immovable,  if  the  laser  pulse  is 
sufficiently  short.  When  ion  motion  is  important,  as  is  the  case  of 
hole  drilling  in  an  overdense  plasma,  the  ion  energy  is  not  con¬ 
sidered  to  be  relativistic.  Plasma  electrons  become  relativistic 
in  the  field  of  a  laser  pulse  when  the  pulse  dimensionless  ampli¬ 
tude  becomes  of  order  one 
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where  E  is  the  dimensional  amplitude  of  the  pulse  electric  field 
and  u  is  its  carrier  frequency.  For  the  ions  to  become  relativistic 
through  the  same  mechanism,  laser  pulses  would  be  required 
with  a  dimensionless  amplitude  calculated  with  the  ion  mass  of 
order  one,  =  eEf{miCvc)  «  1.  For  a  1-jum  laser  pulse  in 
a  hydrogen  plasma,  such  an  amplitude  would  correspond  to  a 
pulse  intensity  ^7  x  10^^  W/cm^  that  is  well  above  the  typical 
values  of  the  most  powerful  present  day  (petawatt)  lasers.  How¬ 
ever,  in  a  plasma,  the  ion  acceleration  is  mediated  by  the  plasma 
electrons  in  such  a  way  that  ions  become  relativistic  for  values 
of  the  “hybrid”  dimensionless  amplitude 


of  order  one  [16]-[19].  These  values  correspond  to  more  mod¬ 
erate  intensities  ^1.6  x  10^^  W/cm^,  i.e.,  to  laser  pulse  powers 
in  the  petawatt  range.  The  “hybrid”  dimensionless  amplitude  in 
(2)  is  defined  by  the  condition  that  an  electron  interacting  with 
a  plane  electromagnetic  wave  of  such  intensity  acquires  an  en¬ 
ergy  equal  to  the  ion  rest  mass  Se  =  7neC^al/2  =  miC^a\f2 
[20],  [34]  and  can  thus  accelerate  ions  effectively. 

When  a  laser  pulse  with  Ue  significantly  larger  than  one 
interacts  with  an  underdense  plasma,  the  plasma  dynamics  is 
strongly  nonlinear  and  the  pulse  self-focuses  and  filaments 
into  channels  that  are  partly  evacuated  by  the  electrons  under 
the  action  of  the  ponderomotive  force.  Then,  due  to  the  elec¬ 
trostatic  fields  induced  by  the  expelled  electrons,  the  ions  are 
accelerated  in  the  radial  direction.  This  mechanism  is  known 
as  the  “Coulomb  explosion”  [16],  [21],  [35]-[38]  and  can 
accelerate  ions  to  large  energies  in  the  millielectronvolt  range. 

A  similar  mechanism  also  occurs  in  the  direction  of  the  pulse 
propagation.  Under  quasi-stationary  conditions  in  the  pulse 
frame,  a  short  wide  pulse  (or  a  pulse  with  a  steep  leading  edge) 
would  produce  a  plasma  wake  wave  with  amplitude  tp  =  Sde, 
where  ip  is  the  electrostatic  potential  and  Se  —  meC^al/2  is 
the  electron  energy.  For  an  ^2,  ions  would  become  relativistic 
(ion  energy  m^c^)  during  half  a  period  of  the  wake  wave. 
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Actually,  for  such  large  amplitudes,  at  the  front  of  the  pulse 
a  double  polarity  region  forms  [16]-[18]  with  an  electrostatic 
potential  of  the  order  of  This  potential  corresponds  to 

an  electrostatic  double  layer  that  propagates  together  with  the 
laser  pulse  and  accelerates  both  electrons  and  ions. 

A  very  effective  additional  mechanism  of  ion  acceleration 
in  the  pulse  direction  occurs  when  the  laser  pulse  leaves  the 
plasma.  This  mechanism  is  due  to  the  fast  expansion  of  elec¬ 
trons  in  vacuum  and  is  observed  in  a  plasma  slab  when  the  elec¬ 
trons  can  freely  expand  into  the  vacuum  region  [16]  after  the 
laser  pulse  has  drilled  a  hole  through  the  plasma  slab. 

In  this  paper,  we  present  and  discuss  the  results  of  large  par- 
ticle-in-cell  (PIC)  numerical  simulations  of  laser-plasma  inter¬ 
action  in  the  petawatt  regime  with  planar  slabs  of  (marginally) 
underdense  plasma  and  focus  our  attention  on  the  ion  acceler¬ 
ation  process.  In  this  connection,  it  has  been  shown  recently  in 
[17]  and  [19]  that  ion  acceleration  and  focusing  can  be  improved 
by  considering  properly  predeformed  plasma  slabs.  This  curved 
geometry  case  will  not  be  addressed  here.  In  addition,  we  will 
not  discuss  a  related  ion  acceleration  process  that  occurs  in  the 
Coulomb  explosion  of  small  material  clusters,  studied  in  [22] 
and  [39],  or  in  the  explosion  of  a  small  region  on  the  surface 
of  an  overdense  plasma  slab  when  the  ponderomotive  pressure 
of  the  laser  pulse  blows  all  of  the  electrons  away  from  a  finite 
diameter  spot  [16]. 

II.  Numerical  Results 

In  order  to  study  the  basic  acceleration  mechanisms  in  the 
petawatt  regime,  we  have  performed  a  number  of  two-dimen¬ 
sional  (2-D)  and  and  three-dimensional  (3-D)  fully  relativistic 
PIC  numerical  simulations  for  (marginally)  underdense  plasma 
slabs.  Here,  we  present  three  cases:  a  longer,  150A,  less-dense, 
uj/ujp  —  0.45,  2-D  slab  and  two  denser,  cj/cVp  —  1,  but  shorter 
(30A)  2-D  and  (15A)  3-D  slabs.  Here,  ujp  is  the  nonrelativistic 
unperturbed  plasma  frequency  and  the  mass  ratio  corresponds 
to  a  hydrogen  plasma.  In  all  three  cases,  the  pulse  is  circularly 
polarized  and  its  amplitude  is  ~  50,  slightly  larger  than  the 
square  root  of  the  mass  ratio,  the  pulse  length  is  20A,  and  its 
width  is  lOA.  In  all  of  these  runs,  we  use  eight  cells  per  A  in 
each  direction.  In  the  2-D  runs  (Figs.  1  and  2),  16  particles  per 
species  per  cell  are  used.  This  corresponds  to  a  total  number  of 
particles  per  species  of  order  ^^16  millions  for  the  longer  slab 
(Fig.  1)  and  ^6  millions  for  the  shorter  slab  (Fig.  2).  In  the  3-D 
run  (Fig.  5),  eight  particles  per  species  per  cell  are  used  (the  total 
number  per  species  is  ^18.5  millions). 

Both  in  2-D  and  in  3-D  a  few  basic  processes  can  be  identified 
in  the  numerical  simulations,  as  follows: 

1)  Formation  of  a  partly  evacuated  channel  along  the  pulse 
path  and  the  corresponding  transverse  ion  acceleration; 

2)  Formation  of  lateral  channels  where  the  dimensionless 
amplitude  of  the  electromagnetic  fields  is  still  relativistic, 
even  if  much  smaller  than  the  square  root  of  the  mass 
ratio; 

3)  Formation  of  density  filaments  in  the  plasma  channel  due 
to  “return”  particles  from  the  walls  and  from  the  front  of 
the  plasma  channel; 

4)  Ion  acceleration  inside  the  partly  evacuated  channel  to 
quasi-relativistic  energies; 
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Fig.  1.  The  .r-.y-distribution  of  the  (a)  electron  and  (b)  ion  densities,  the  (c) 
electromagnetic  energy  density,  the  (d)  .r-componcnl  of  the  electric  field,  and 
the  (e)  ion  phase  spaces  (Pr .  and  (f)  (P,y, ./')  at  f  =  170  (27r/u;)  in  the  case 
of  the  pulse  propagating  in  the  longer  2-D  plasma  slab.  The  momentum  of  the 
ions  is  normalized  on 

5)  Electron  expansion  at  the  end  of  the  slab  and  the  resulting, 
very  effective  ion  acceleration  up  to  relativistic  energies 
outside  of  the  plasma  slab; 

6)  Formation  of  strong  quasi-static  magnetic  fields  inside  the 
channel  and  in  the  region  where  the  electrons  expand; 

7)  Formation  of  localized  electromagnetic  energy  concen¬ 
trations  that  correspond  to  the  sub-cycle  solitons  recently 
identified  in  2-D  simulations  in  underdense  plasmas  [23], 
[40]. 

All  of  these  features  are  in  good  qualitative  and  quantitative 
agreement  (after  appropriate  rescaling  of  the  pulse  amplitude) 
with  the  results  presented  in  [16],  where  a  reduced  value  of  the 
ion  electron  mass  ratio  was  used. 

A.  Channel  Formation  and  Transverse  Ion  Acceleration 

The  density  channel  in  the  longer  plasma  slab  is  shown  in 
Fig.  1  at  f  “  170  (27r/a;),  just  as  the  pulse  is  boring  its  way 
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Fig.  2.  The  a:-y“distribution  of  the  (a)  electron  and  (b)  ion  densities,  the  (c) 
electromagnetic  energy  density,  the  (d)  a: -component  of  the  electric  field,  and 
the  (e)  2 -component  of  the  magnetic  field  in  the  case  of  the  pulse  propagating 
in  the  shorter  denser  2-D  plasma  slab. 

out  of  the  plasma.  Fig.  1(a)  gives  the  electron  density  distribu¬ 
tion  in  the  x-y-planc,  and  (b)  gives  the  ion  distribution.  Fig.  1(c) 
gives  the  electromagnetic  energy  distribution.  The  channel  has 
been  formed  due  to  relativistic  self-focusing  of  the  laser  pulse. 
Electrons  are  expelled  first,  by  the  pulse  ponderomotive  force  of 
the  front  part  of  the  pulse,  both  in  the  transverse  direction  and 
toward  the  front.  Then,  ions  follow  and  are  displaced  mainly 
in  the  transverse  direction.  The  transverse  displacement  of  ions 
and  electrons  maintains  approximate  quasi-neutrality.  The  elec¬ 
tron  density  channel  is  less  sharp  than  is  the  ion  channel  due  to 
electron  vacuum  heating  at  the  walls.  The  walls  of  both  the  ion 
and  the  electron  density  channel  are  modulated  with  a  period¬ 
icity  length  that  is  longer  than  is  the  laser  wavelength  and  shorter 
than  is  the  wavelength  =  \/2/i/ae  of  the  longitudinal  wake 
electric  field  in  a  one-dimensional  (1-D)  configuration  [18]  for 
Ue  >  ^/rrii/me.  In  the  front  of  the  channel,  these  modulations 
are  well  correlated  with  a  (skew-symmetric)  filamentary  blob 
structure  inside  the  channel  that  is  evident  mainly  in  the  ion 
density.  Further  back  in  the  channel,  strong  lateral  spikes  appear 
both  in  the  electron  and  in  the  ion  density  distributions  with  a 
characteristic  spatial  scale  close  to  that  of  the  wall  modulation. 
This  change  in  the  structure  of  the  channel  is  parallelled  by  a 
change  in  the  structure  in  the  ion  phase  space  in  the  transverse 
direction.  In  Fig.  1(f),  the  transverse  momentum  distribution  of 
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the  ions  (normalized  on  m^c)  integrated  over  y  is  plotted  versus 
X.  In  the  region  where  the  lateral  density  spikes  occur,  strong 
modulations  of  the  transverse  ion  momentum  distribution  are 
seen,  well  correlated  to  the  modulation  of  the  channel  walls. 
The  electromagnetic  fields  inside  the  lateral  density  spikes  are 
strongly  inhomogeneous  with  amplitudes  comparable  to  the  am¬ 
plitudes  of  the  fields  inside  the  main  channel  after  the  laser 
pulse  has  passed.  These  amplitudes  are  much  smaller  than  is 
the  laser-pulse  amplitude  (ue  2  inside  the  well-recogniz¬ 
able  spike  located  in  the  lower  part  of  Fig.  1(a)  and  (b)  for 
GOA  <  X  <  lOOA).  The  “older”  density  spikes  on  the  left  of  the 
frames  have  produced  isolated  blobs  of  electromagnetic  energy, 
correlated  to  holes  in  the  density.  These  blobs  have  very  low 
propagation  velocity.  The  electromagnetic  fields  inside  the  cav¬ 
ities  in  Fig.  1  are  relatively  small  Ug  0.1.  They  oscillate  with 
frequency  smaller  than  the  plasma  frequency  of  the  surrounding 
plasma.  These  electromagnetic  structures  can  be  identified  as 
subcycle  solitons,  of  the  type  described  in  [23]  and  [40],  and 
they  originate  from  the  depletion  of  the  electromagnetic  energy 
channeled  inside  the  lateral  spikes.  Both  the  wall  modulations 
and  the  spikes  form  at  an  early  stage  of  the  pulse  propagation 
inside  the  slab.  They  are  expected  to  result  from  an  instability 
occurring  as  the  channel  walls  expand  laterally.  The  phase  space 
of  the  ions  shows  a  strong  localized  acceleration  along  x.  Fig. 
1(e),  occurring  in  the  front  region  of  the  pulse.  This  acceleration 
is  caused  by  the  electrostatic  double  layer  structure  originating 
from  the  charge  separation  produced  by  the  faster  response  of 
the  electrons  to  the  ponderomotive  force  of  the  pulse  in  the  x-di- 
rection.  The  electric  field  component  along  x  corresponding  to 
this  double  layer  is  shown  in  Fig.  1(d).  It  has  a  characteristic 
scale-length  consistent  with  the  estimate  A^^;  =  y/2fi/ae  given 
above  for  the  wavelength  of  the  wake  wave  and  can  accelerate 
both  ions  (in  the  region  where  it  is  positive)  and  electrons  in 
the  region  where  it  is  negative  [black  region  in  Fig.  1(d)  behind 
the  white,  positive,  region].  The  ion  momentum  along  x  is  large, 
Px  0. 15,  at  the  position  of  the  positive  part  of  the  double  layer 
(which,  at  the  time  shown  in  Fig.  1 ,  is  at  the  point  of  leaving  the 
plasma  slab)  and  is  much  smaller  at  the  back  (the  negative  part  of 
the  double  layer  slows  the  ions).  The  electron  momentum  distri¬ 
bution  along  X  (not  shown  here,  but  essentially  analogous  to  the 
case  reported  in  [16]  in  the  case  of  a  reduced  mass  ratio)  is  more 
evenly  distributed  along  x,  as  there  is  no  effective  field  that  can 
decelerate  the  electrons  at  the  back  of  the  double  layer.  The  ion 
momentum  distribution  along  y  has  a  structure  that  is  not  corre¬ 
lated  to  the  position  of  the  double  layer  and  exhibits  a  two-mode 
distribution.  The  one  at  the  back  corresponds  to  the  wall  mod¬ 
ulation  and  to  the  lateral  density  spikes  discussed  above.  The 
second,  at  the  front,  corresponds  to  a  more  regular  lateral  ex¬ 
pansion  of  the  front  part  of  the  channel  under  the  action  of  the 
laser  pulse  and  of  the  lateral  electric  field  opposing  charge  sep¬ 
aration.  In  the  front  part  of  the  pulse,  filaments  are  formed  close 
to  the  channel  axis  both  in  the  electron  and  in  the  ion  density. 
The  formation  of  such  filaments  has  been  discussed  in  [17]  and 
attributed  to  an  “inverted  corona”  mechanism  [24]  in  which  par¬ 
ticles  are  extracted  from  the  walls  and  from  the  front  of  the  pulse 
and  are  focalized  at  the  center  of  the  channel  by  the  quasi-static 
magnetic  field  that  is  generated  by  the  plasma  currents  inside 
the  channel.  These  filaments,  and  the  electric  current  associated 
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to  them  are  also  important  for  the  self-consistent  sustainment  of 
the  magnetic  field  that,  in  turn,  contributes  to  the  localization  of 
the  filaments. 

B.  Ion  Acceleration  in  the  Electron  Cloud 

From  the  simulation  results  in  the  long  plasma  slab,  we  have 
obtained  high  ion  energies  that  are  however  smaller  than  the 
ion  rest  mass  and  correspond  to  regimes  where  ions  are  not 
yet  fully  relativistic.  Higher  ion  energies  are  obtained  in  the 
later  phase  of  the  laser-plasma  interaction,  when  the  pulse 
leaves  the  plasma  slab  and  a  population  of  electrons  starts 
expanding  in  vacuum  from  the  hole  drilled  in  the  plasma.  As 
these  electrons  expand,  they  drag  the  preaccelerated  ions  into 
the  vacuum  region  and  accelerate  them  further  to  relativistic 
energies  (anisotropic  Coulomb  explosion). 

In  order  to  analyze  this  later  phase  of  the  laser-plasma  inter¬ 
action  better  in  2-D  configurations,  we  have  considered  a  shorter 
(30A)  but  denser  plasma  slab  to  be  able  to  follow  numerically 
the  ion  acceleration  in  vacuum  for  a  longer  time  interval. 

The  formation  of  the  density  channel  in  the  shorter  2-D 
plasma  slab  is  shown  in  Fig.  2  at  f  =  100  (27r/u;)  after  the 
pulse  has  gone  through  the  plasma  slab  and  the  electrons  have 
expanded  in  vacuum.  The  plasma  dynamics  in  the  shorter, 
denser  slab  is  analogous  to  (although  faster)  that  of  the  longer 
slab.  A  channel  is  drilled  both  in  the  electron  and  in  the  ion 
density  distributions  [Fig.  1(a)  and  (b)].  Lateral  spikes  are  also 
formed,  although  in  this  denser,  faster  evolving  case  they  arc 
formed  at  an  angle  almost  perpendicular  to  the  direction  of 
propagation  of  the  laser  pulse,  similarly  to  the  first  spikes  at 
the  left  of  Fig.  1(a)  and  (b)  in  the  case  of  the  longer  slab.  The 
plasma  slab  is  compressed  both  at  its  front,  by  the  laser  pulse, 
and  at  its  back  by  the  pressure  exerted  by  the  magnetic  force  on 
the  induction  surface  currents  that  are  exited  as  the  electrons 
start  expanding  in  vacuum.  In  Fig.  3,  (a)  and  (c)  give  the  ion 
phase  spaces  (Px^x)  and  {P^J,x)  and  (b)  and  (d)  give  the 
corresponding  electron  phase  spaces.  The  ion  energies  inside 
the  channel  are  nonrelativistic,  whereas  electrons  (as  in  the 
long  slab  case)  are  ultrarelativistic. 

The  electron  expansion  in  vacuum  is  shown  in  Fig.  2(a).  A 
few  electrons  are  still  propagating  with  the  laser  pulse  [see  (c), 
where  the  electromagnetic  energy  density  is  shown]  and  have 
been  accelerated  to  energies  approaching  3  x  10'^  times  their 
rest  mass.  These  energy  values  [Fig.  3(a)]  are  larger  than  is  the 
quiver  energy  mt.c^a^/2  of  an  electron  in  vacuum  in  the  field  of 
the  laser  pulse  (not  including,  however,  the  increase  of  the  laser 
pulse  amplitude  due  to  self-focusing)  and  corresponds  to  elec¬ 
trons  “heavier”  than  ions.  The  main  part  of  the  expanding  elec¬ 
tron  cloud  lags  behind  the  pulse  and  has  smaller  energy  values, 
of  the  order  of  10'^  times  their  rest  mass.  The  spatial  distribution 
of  this  cloud  roughly  coincides  with  that  of  the  ions  dragged  by 
the  electrostatic  force  due  to  charge  separation.  The  character¬ 
istic  values  of  the  electron  and  ion  densities  in  this  cloud  are 
Uf,  ^  Ui  ^  0.3  -J-  0.2.  The  ions  are  accelerated  to  relativistic 
energies  and  are  very  collimated  in  velocity  space  in  the  .r-di- 
rection,  as  shown  in  Fig.  3(b).  The  faster  linear  increase  of  the 
longitudinal  momentum  P,.  of  the  ions  as  a  function  of  ;r  can  be 
accounted  for  by  assuming  that  the  electric  field  in  vacuum  de¬ 
creases  with  time  as  more  ions  are  extracted  from  the  channel. 


Fig.  3.  The  (a)  electron  and  (b)  ion  phase  space  ( P,..  .r)  and  (he  (c)  electron 
and  (d)  ion  phase  space  (p..r)  at  f  ~  100  in  the  case  of  the  pulse 

propagating  in  the  shorter  denser  2-D  plasma  slab,  The  momentum  of  the 
electrons  (ions)  is  normalized  on  n),  c  (/n,r). 

leading  to  a  reduced  charge  separation.  Thus,  the  first  ions  to 
escape  from  the  channel  see  a  stronger  electric  field  along  their 
trajectories  and  arc  accelerated  more  efficiently  than  are  the  ions 
behind.  Both  electrons  and  ions  have  a  fan-like  distribution  of 
the  transverse  momentum  in  the  region  where  the  expansion  in 
vacuum  occurs,  as  shown  in  Fig.  3(c)  and  (d).  The  electron  fan  is 
wider,  as  is  consistent  with  the  density  distributions  that  show  a 
stronger  lateral  spreading  of  electrons  with  respect  to  ions.  The 
dependence  of  /  ^  of  the  ions  on  .7:,  as  determined  by  the  sides 
of  the  fan,  is  approximately  linear.  This  dependence,  combined 
with  the  behavior  of  7^,.,  means  that  faster  ions  arc  better  col¬ 
limated  in  the  forward  direction  (anisotropic  Coulomb  expan¬ 
sion).  Magnetic  pinching  can  contribute  to  the  ion  focalization 
[17].  Indeed,  at  the  front  of  the  ion  cloud,  a  very  well-collimated 
narrow  beam  can  be  seen.  Its  density,  U]  O.G,  is  higher  than 
the  surrounding  cloud  density,  and  it  originates  from  the  fila¬ 
ments  that  were  initially  formed  at  the  channel  axis  before  the 
pulse  drilled  through  the  slab,  as  discussed  in  the  case  of  the 
longer  plasma  slab. 

The  accelerating  electric  field  along  x  is  shown  in  Fig.  2(d). 
The  white  regions  arc  the  regions  where  ions  arc  accelerated. 
The  2-component  of  the  magnetic  field  is  shown  in  Fig.  2(e). 
Aside  from  the  oscillating  field  related  to  the  (circularly  polar¬ 
ized)  pulse,  wc  see  two  almost  isotropic  regions  with  opposite 
polarity.  These  regions  arc  well  correlated  to  the  7f,. -distribution 
and  to  the  spatial  region  that  has  been  reached  by  the  electron 
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Fig.  4.  The  (a)  a:-y-distribution  at  ^  =  0,  the  (b)  -distribution  of  the 
ion  density  at  a;  =  15 A,  and  the  (c)  isosurface  yj +  B'^)l2  =  40  of  the 
electromagnetic  energy  density  in  the  case  of  the  pulse  propagating  in  the  3-D 
plasma  slab. 

cloud.  Close  to  the  mouth  of  the  channel,  this  magnetic  field  is 
very  intense,  \B\  ^  4  in  dimensionless  units.  The  polarity  in 
the  vacuum  region  corresponds  to  a  current  distribution  where 
electron  are  pushed  outward  along  the  x-axis  (negative  current), 
with  a  return  (positive)  current  along  the  slab  walls.  As  the  mag¬ 
netic  field  is  expanding  and,  therefore,  decreasing  in  time  at  a 
fixed  position  inside  the  plasma  cloud,  an  inductive  electric  field 
is  produced  that  contributes  to  the  ion  acceleration.  This  mecha¬ 
nism  has  been  discussed  in  [17]  and  shown  to  give  a  contribution 
of  the  order  of  the  electrostatic  field. 

C.  3-D  Ion  Acceleration 

The  electron  expansion  in  a  2-D  configuration  can  lead  to  an 
overestimate  of  the  ion  acceleration  outside  of  the  channel.  This 
is  due  to  the  slower  decrease  with  distance  of  the  accelerating 
electrostatic  field  in  two  dimensions  in  comparison  with  the  real 
3-D  case.  Explicit  estimates  can  be  found  in  [17]. 

In  order  to  evaluate  the  accelerated  ion  energy,  we  have  run 
3-D  simulations  using  the  same  parameters  of  Figs.  2  and  3,  but 
with  a  plasma  slab  15A  long. 

The  formation  of  the  channel  in  the  ion  density  in  the  3-D 
plasma  slab  is  shown  in  Fig.  4  at  f  =  30  (27r/a;)  projected  on 
the  horizontal  x-?/-plane  at  2;  —  0  [Fig.  4(a)]  and  on  the  trans¬ 
verse  y-2; -plane  at  a;  —  15A  [Fig.  4(b)].  The  circularly  polarized 
pulse  has  carved  a  staircase  structure  that  resembles  the  helical 
chamber  inside  a  shell.  This  structure  is  the  3-D  counterpart  of 
the  skew-symmetric  filamentary  structure  of  Fig.  1(b).  A  similar 
helix,  although  less  sharp,  is  also  seen  in  the  electron  density 
(not  shown  here)  and  in  Fig.  4(c),  where  the  isosurface  of  the 
electromagnetic  energy  density  corresponding  to  the  amplitude 
value  -h  B'^)/2  =  40  is  shown.  The  expansion  and  accel¬ 
eration  of  the  ions  in  the  vacuum  region,  following  the  electron 
expansion  when  the  pulse  has  drilled  a  hole  through  the  slab,  is 
shown  in  Fig.  5  at  =  48  (27r/a;).  The  rr-^-section  at  2;  =  0  of 
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Fig.  5.  The  (a)  a:-3/-distribution  at  z  =  0,  the  (b)  isosurface  Ui  =  1.8  of  the 
ion  density  at  f  =  48  (27r/a;),  and  the  (c)  ion  phase  space  {Pj,^x)  in  the  case 
of  the  pulse  propagating  in  the  3-D  plasma  slab. 

the  ion  density  distribution  shows  a  strongly  collimated  beam 
along  the  x-axis  [Fig.  5(a)].  This  beam  collimation  is  also  seen 
in  the  3-D  plot  [Fig.  5(b)],  where  the  isosurface  corresponding  to 
Hi  =  1,S  is  shown.  We  see  that  the  beam  collimation  is  stronger 
than  in  the  corresponding  2-D  simulations.  As  expected,  the  ion 
acceleration  is  smaller  in  3-D  (maximum  value  of  the  ion  lon¬ 
gitudinal  momentum  at  f  =  48  (  27r/a;)  is  Px  =  0.61,  to  be 
compared  with  Px  =  0.85  in  2-D  for  the  same  time  and  for 
the  same  length  of  the  plasma  slab).  The  longitudinal  ion  mo¬ 
mentum  distribution  at  f  48  {21^ /uj)  is  shown  in  Fig.  5(c).  The 
decrease  of  the  perpendicular  momentum  of  the  ions  is  more 
marked  (from  0.3  in  2-D  to  0.15  in  3-D)  in  agreement  with  the 
strong  beam  collimation  noted  above.  There  is  also  a  similar 
reduction  in  the  energy  of  the  electrons  expanding  in  vacuum: 
the  maximum  value  of  the  longitudinal  electron  momentum  is 
j«1390  (to  be  compared  with  «1800  in  the  same  conditions  in 
2-D),  and  the  perpendicular  momentum  is  «310  {^380  in  2-D). 

III.  Conclusion 

We  show  that  a  laser  pulse  with  dimensionless  amplitude  of 
the  order  of  the  square  root  of  the  mass  ratio  accelerates  ions  ef¬ 
fectively  even  in  an  underdense  plasma.  Such  high  amplitudes 
correspond  to  petawatt  laser  pulses.  The  laser-plasma  interac¬ 
tion  is  accompanied  by  a  broad  range  of  physical  processes  that 
include  the  formation  of  filaments  inside  the  channel  drilled  by 
the  pulse  in  the  plasma  slab  and  the  creation  of  relativistic  col¬ 
limated  ion  beams  in  the  expanding  plasma  cloud. 

Three-dimensional  simulations  of  the  ion  acceleration 
process  are  also  presented.  Due  to  memory  limitations  in  these 
runs,  we  have  adopted  a  shorter  plasma  slab  and  a  shorter 
integration  time.  By  comparison  with  the  equivalent  2-D  runs, 
the  3-D  simulations  have  indicated  a  stronger  focalization  of 
the  ion  beam  expanding  in  the  vacuum  region  under  the  pull 
of  the  electron  cloud.  However,  as  expected  from  geometrical 
considerations,  the  increase  of  the  ion  momentum  with  the 
distance  from  the  plasma  slab  is  slower  in  3-D  than  in  2-D  and 
the  maximum  value  of  Px  is  correspondingly  smaller. 
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Ultrahigh-Intensity  Laser-Produced  Plasmas  as  a 
Compact  Heavy  Ion  Injection  Source 

K.  Krushelnick,  E,  L.  Clark,  R.  Allott,  F.  N.  Beg,  C.  N.  Danson,  A.  Machacek,  V.  Malka,  Z.  Najmudin,  D.  Neely, 
R  A.  Norreys,  M.  R.  Salvati,  M.  I.  K.  Santala,  M.  Tatarakis,  L  Watts,  M.  Zepf,  and  A,  E.  Danger 


Abstract — The  possibility  of  using  high-intensity  laser-produced 
plasmas  as  a  source  of  energetic  ions  for  heavy  ion  accelerators  is 
addressed.  Experiments  have  shown  that  neon  ions  greater  than 
6  MeV  can  be  produced  from  gas  jet  plasmas,  and  well-collimated 
proton  beams  greater  than  20  MeV  have  been  produced  from  high- 
intensity  laser  solid  interactions.  The  proton  beams  from  the  back 
of  thin  targets  appear  to  be  more  collimated  and  reproducible  than 
are  high-energy  ions  generated  in  the  ablated  plasma  at  the  front  of 
the  target  and  may  be  more  suitable  for  ion  injection  applications. 
Lead  ions  have  been  produced  at  energies  up  to  430  MeV. 

Index  Terms — Heavy  ion  accelerators,  ion  accelerators,  ion 
source,  laser-plasma  interactions. 


I.  INTRODUCTION 

OVER  the  past  several  years,  there  have  been  significant 
advances  in  the  use  of  high -power,  short  pulse  lasers  [1], 
In  particular,  the  potential  of  such  lasers  for  applications  in  par¬ 
ticle  acceleration  [2],  X-ray  generation  [3],  and  inertial  confine¬ 
ment  fusion  [4]  seems  promising.  The  complex  interactions  be¬ 
tween  matter  and  high-intensity  laser  light  can  produce  elec¬ 
trons  at  energies  greater  than  100  MeV  and  gamma  rays  up  to 
tens  of  MeV.  However,  it  may  also  be  possible  to  use  such  laser 
systems  to  produce  plasmas  that  can  be  used  as  a  source  of  ener¬ 
getic  heavy  ions  for  injection  into  ion  storage  rings  and  colliders. 

In  this  paper,  we  will  discuss  some  recent  experiments  that 
address  the  feasibility  and  advantages  of  this  approach  for  pro¬ 
ducing  a  source  of  energetic  ions.  There  has  been  considerable 
previous  work  on  the  use  of  laser-produced  plasmas  as  such  a 
source  of  highly  ionized  heavy  ions  [5]-[7],  [18],  where  it  was 
found  that  laser  ion  sources  have  several  advantages  over  other 
methods,  such  as  electron-cyclotron  sources,  electron  beam  ion 
sources,  and  metal  vapor  vacuum  arcs.  Heavy  ions  (of  a  few 
MeV)  have  been  generated  by  the  ablated  plasma  created  by 
low-intensity  solid  target  interactions,  after  which  they  were  ac¬ 
celerated  by  an  RF  quadrupole  to  energies  of  a  few  hundred 
MeV  before  injection  into  an  ion  storage  ring.  Our  research  in- 
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dicates  that  through  the  use  of  “table  top”  chirped  pulse  amplifi¬ 
cation  (CPA)  laser  systems,  it  may  be  possible  to  produce  heavy 
highly  ionized  ions  at  energies  approaching  a  GeV  in  sufficient 
quantities  to  directly  inject  into  ion  storage  rings.  Such  heavy 
ions  can  be  generated  in  a  gas  jet  plasma  (which  allows  high 
repetition  rates)  or  through  solid  target  interactions  (which  may 
provide  a  more  collimated  and  energetic  source  of  such  heavy 
ions).  We  present  angular  emission  data  and  ion  energy  spectra 
as  well  as  a  possible  source  geometry. 

II.  Interactions  with  Underdense  Plasmas 

Accelerated  ions  can  be  produced  in  underdense  “gas  jet” 
interactions  via  the  “Coulomb  explosion”  of  a  high-intensity 
laser-produced  plasma  [8].  In  this  situation,  ions  are  acceler¬ 
ated  by  electrostatic  forces  caused  by  charge  separation  induced 
by  the  laser  ponderomotive  pressure.  In  these  experiments,  we 
have  measured  peak  ion  energies  of  1 .0  MeV  for  deuterium  gas 
interactions,  3.6  MeV  for  helium  interactions,  and  greater  than 
6  MeV  for  interactions  with  neon. 

As  a  high-intensity  laser  pulse  propagates  through  an  under¬ 
dense  plasma,  the  strong  ponderomotive  force  of  the  laser  forces 
electrons  from  the  region  of  highest  intensity.  Ions  are  less  af¬ 
fected  by  this  ponderomotive  force  because  of  their  larger  mass; 
however,  during  the  laser  pulse,  these  ions  will  be  given  a  im¬ 
pulse  perpendicular  to  the  axis  of  laser  propagation  that  is  pro¬ 
duced  by  the  large  space-charge  forces  cau.sed  by  charge  sepa¬ 
ration.  After  the  pulse  passes,  the  plasma  electrons  will  return 
to  their  original  positions  on  a  timescale  of  about  1/ujpc,  (where 
=  ATiUce^/mc  is  the  electron  plasma  frequency);  however, 
the  lateral  momentum  given  to  the  ions  will  be  retained  and  they 
will  continue  moving  out  of  the  plasma,  carrying  low-energy 
electrons  with  them.  The  energy  of  these  ions  is  thus  directly 
related  to  the  intensity  of  the  focused  laser  pulse.  The  max¬ 
imum  energy  that  can  be  gained  by  an  ion  during  these  interac¬ 
tions  is  simply  given  as  the  relativistic  ponderomotive  energy, 
U  =  “  1)»  where  Z  is  the  ion  charge  and  7  is  the 

relativistic  factor  of  the  electron  quiver  motion  in  the  laser  field. 

Our  experiments  were  performed  using  the  CPA  arm  of  the 
VULCAN  laser  system  at  the  Rutherford  Appleton  Laboratory. 
This  system  produces  laser  pulses  having  an  energy  of  up  to 
50  J  and  a  duration  of  0.9-1 .2  ps  at  a  wavelength  of  1 .054  fim 
(Nd :  Glass).  The  laser  pulse  was  focused  into  a  gas  jet  target 
(4-mm  nozzle  diameter)  using  an  //4  off-axis  parabolic  mirror. 
When  helium  was  used  as  the  target  gas,  the  plasma  had  an  elec¬ 
tron  density  up  to  about  5  x  10^^  cm“^.  Deuterium  and  neon 
were  also  used  as  target  gases. 
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Fig.  1.  Angular  emission  of  energetic  ions,  where  0°  is  along  the  direction  of 
laser  propagation.  Dark  line:  distribution  of  helium  ions  with  energy  greater  than 
400  keV;  Light  line:  distribution  of  helium  energy  greater  than  2  MeV  (shown 
X 10.  Note  that  lines  are  drawn  as  visual  aid  only.) 

The  angular  distribution  of  ions  emitted  during  such  high- 
intensity  laser  plasma  interactions  was  recorded  using  CR-39 
track  detectors  placed  at  various  places  surrounding  the  interac¬ 
tion  region  and  that  are  sensitive  to  energetic  ions  greater  than 
about  100  keV/nucleon  [9].  As  an  energetic  ion  collides  with  the 
detector,  it  causes  structural  damage  in  the  material  so  that  an 
observable  track  can  be  recorded  for  each  ion.  In  this  way,  the 
total  number  of  ions  can  be  counted. 

It  was  found  in  these  experiments  that  there  was  no  signif¬ 
icant  variation  in  ion  emission  in  the  azimuthal  direction  (i.e., 
changing  the  laser  polarization  had  little  effect).  However,  a  dis¬ 
tinct  peak  was  observed  in  the  emission  of  ions  with  energies 
greater  than  300  keV  at  90°  to  the  axis  of  propagation.  Measure¬ 
ments  of  the  ion  emission  at  higher  energies  were  also  obtained 
by  using  CR-39  track  detectors  covered  with  thin  aluminum  fil¬ 
ters  (2  fj,m).  Such  filters  block  all  signal  from  helium  ions  below 
about  2  MeV  in  energy. 

Averaged  measurements  over  four  shots  are  shown  in  Fig.  1. 
Clearly,  the  majority  of  ion  emission  occurs  in  the  90°  direc¬ 
tion,  although  the  emission  lobe  also  extends  in  the  backward 
direction  somewhat.  Emission  at  energies  greater  than  2  MeV 
shows  a  narrower  lobe  in  the  90°  direction.  The  spectrum  of 
the  energetic  ions  was  also  measured  using  a  Thomson  parabola 
ion  spectrometer  that  spatially  separates  ion  species  having  dif¬ 
ferent  charge  to  mass  ratios  through  the  use  of  parallel  electric 
and  magnetic  fields.  CR-39  was  used  as  the  detector.  Typical 
experimentally  measured  spectra  are  shown  in  Fig.  2  for  helium 
interactions  and  Fig.  3  for  neon  interactions. 

For  the  helium  interactions,  it  was  found  that  approximately 
0.25%  of  the  incident  laser  energy  is  transferred  to  ions  having 
greater  than  300  keV  of  energy.  It  is  interesting  to  note  that  in 
helium  plasmas,  both  He^+  and  He^+  ions  were  observed  with 
very  high  energy.  In  the  interaction  region,  helium  ions  are  com¬ 
pletely  ionized  because  the  intensity  required  to  directly  field 
ionize  He^+  is  about  10^®  W/cm^.  This  implies  that  the  He^+ 
is  generated  by  charge-exchange/recombination  of  ions  as  they 
travel  out  of  the  gas  jet  to  the  detector.  In  neon  interactions,  the 


Fig.  2.  Typical  ion  spectrum  from  helium  interaction  (90°)  (Thomson 
parabola  data  are  shown  inset). 


Fig.  3.  Typical  ion  spectrum  from  neon  interaction  (90° ). 

atoms  can  be  stripped  up  to  the  Ne®"^  stage  from  direct  field  ion¬ 
ization;  however,  only  neon  species  up  to  Ne^+  were  observed 
in  our  experiment  (see  Fig.  3),  also  indicating  significant  charge 
exchange/recombination. 

The  maximum  ion  energy,  such  that  there  were  more  than 
10®  ions/MeV/sterradian,  was  found  to  be  3.6  MeV  for  helium, 
1.0  MeV  for  deuterium,  and  greater  than  6  MeV  for  neon.  It 
should  be  noted  that  ionization-induced  defocusing  of  the  laser 
pulse  in  the  neon  plasma  appeared  to  reduce  the  peak  energy  of 
neon  ions  obtainable  from  these  interactions. 

III.  Solid  Target  Interactions 

Major  advances  in  understanding  the  mechanisms  of  ener¬ 
getic  ion  emission  were  made  during  early  inertial  confinement 
fusion  experiments  using  high-power  CO2  lasers  [10]  and 
results  from  those  experiments  (at  irradiances  of  about  10^® 
Wcm”^/im^)  [11]  indicated  that  ions  with  energies  greater 
than  2  MeV/nucleon  could  be  produced  from  interactions  with 
solid  density  plasmas.  The  principal  diagnostics  employed  in 
those  measurements  were  Faraday  cups  and  charge  collection 
cups.  Using  such  time  of  flight  methods  only,  information 
concerning  the  ion  velocity  (energy/nucleon)  can  be  obtained. 
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We  have  also  performed  experiments  to  examine  the  gener¬ 
ation  of  high-energy  ions  from  interactions  with  solid  density 
plasmas  at  the  Rutherford  Appleton  Laboratory.  In  these  exper¬ 
iments,  the  VULCAN  beam  was  focused  using  an  / /4  off-axis 
parabolic  mirror  onto  a  thin  (125-//,m)  aluminum  target  posi¬ 
tioned  at  45°  to  the  axis  of  laser  propagation.  The  intensity  on 
target  was  up  to  5  x  10^^  W/cm^.  Both  behind  the  target  (25-mm 
distance)  and  at  the  front  of  the  target  (70  mm),  we  placed  “sand¬ 
wich  detectors”  aligned  with  the  normal  to  the  target.  These 
detectors  consist  of  several  pieces  of  radiochromic  film  (RCF) 
and  CR39  plastic  track  detectors  placed  back  to  back.  The  prin¬ 
cipal  ions  detected  were  energetic  protons  or  carbon  ions  that 
were  either  from  hydrocarbon  contamination  of  the  front  or  rear 
target  surfaces  (which  has  been  observed  in  previous  experi¬ 
ments  [12]). 

RCF  is  a  transparent  material  (typically  nylon)  that  is  coated 
with  an  organic  dye.  Upon  exposure  to  ionizing  radiation,  the 
film  undergoes  a  color  change.  The  optical  density  of  the  film 
is  subsequently  measured  at  a  particular  wavelength  and  is  cali¬ 
brated  against  dose  (Gy)  using  a  known  ^^Co  source.  The  equiv¬ 
alent  dose  from  protons  at  a  particular  energy  is  calculated,  and 
hence,  the  total  number  of  protons  passing  through  the  film  at 
each  point  can  be  determined. 

In  this  experiment,  the  CR39  detectors  only  recorded  signals 
caused  by  protons  because  the  first  piece  of  RCF  (110  //m  thick) 
in  the  “sandwich”  will  transmit  protons  having  energies  greater 
than  2.8  MeV,  but  will  stop  all  but  the  highest  energy  aluminum 
and  carbon  ions.  The  stopping  range  of  protons  in  CR39  and  ra¬ 
diochromic  film  is  easily  calculated,  and  consequently,  this  al¬ 
lows  a  direct  determination  of  the  energy  range  for  those  protons 
that  produce  a  particular  series  of  pits.  CR39/RCF  “sandwich” 
detectors  can  therefore  provide  both  spatial  and  spectral  infor¬ 
mation  of  protons  emitted  during  the  interaction. 

Fig.  4(a)  shows  a  scanned  image  from  the  front  piece  of  RCF 
in  the  “sandwich”  detector  from  a  typical  shot  at/~  5  x  10^^ 
W/cm^  from  the  rear  of  a  target.  The  film  contains  signal  only 
within  a  well-defined  radius  from  the  central  hot-spot.  The  angle 
subtended  by  the  perimeter  of  this  circle  covers  a  cone  half  angle 
of  30°,  and  the  mark  at  the  center  of  the  film  indicates  a  region 
where  the  film  has  been  saturated.  Fig.  4(b)-(e)  shows  the  emis¬ 
sion  pattern  observed  on  the  CR39  from  this  shot  for  various 
energy  ranges  of  ions  (i.e.,  different  pieces  in  the  “sandwich”). 
RCF  is  also  sensitive  to  both  electrons  and  X-rays,  which  are 
generated  during  the  interaction  [13],  [19];  however,  it  is  clear 
from  the  images  shown  in  Fig.  4(b)-(e)  that  the  signal  on  the 
RCF  coincides  with  that  on  the  CR39,  which  is  sensitive  only  to 
ions.  Therefore,  it  is  likely  that  the  signal  on  the  front  piece  of 
film  is  predominantly  caused  by  energetic  ion  emission.  Using 
this  assumption,  the  total  number  of  protons  emitted  with  ener¬ 
gies  greater  than  2  MeV  can  be  estimated  and  was  found  to  be 
approximately  10^^  per  shot. 

The  ion  signal  on  the  CR39  exhibits  a  ring  pattern  with  de¬ 
creasing  diameter  for  increasing  ion  energy  up  to  a  maximum 
energy  of  17.6  MeV.  The  central  position  of  each  ring  is  coin¬ 
cident  with  the  direction  of  the  target  normal.  The  “ion  ring” 
structure  on  the  CR39  was  observed  consistently  from  shots  at 
an  intensity  of  x  10^^  W/cm^.  The  central  hot  spot  on  the 
RCF  is  correlated  with  the  position  of  the  highest  energy  ions  on 
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(a)  (b)  (c)  (d) 

Fig.  4.  Ring  structure  observed  on  back  RCF/CR39  “sandwich”  track 
detectors:  (a)  radiochromic  film  (front  surface),  (b)  tracks  on  CR39  from 
3-MeV,  (c)  8.9-MeV,  (d)  1 1.6-McV,  and  (c)  17.6-McV  protons  (track  detectors 
were  5  cm  x  5  cm  x  0.75  mm  thick). 

the  CR39,  which  exhibit  collimated  propagation,  and  the  outer 
extreme  of  the  RCF  displays  an  abrupt  decrease  in  signal  level, 
which  corresponds  to  a  sharp  low  energy  cutoff,  below  which 
no  protons  are  observed. 

It  is  possible  that  this  relationship  between  the  energy  of  the 
emitted  protons  and  the  angle  at  which  they  are  emitted  is  caused 
by  large  azimuthal  magnetic  fields  within  the  solid  target  ma¬ 
terial  that  develop  and  persist  during  the  first  few  picoseconds 
after  the  laser  pulse.  The  protons  are  consequently  deflected  like 
charged  particles  in  a  magnetic  spectrometer.  It  is  clear  that  such 
magnetic  fields  must  be  generated  by  an  electron  current,  which 
would  tend  to  focus  a  beam  of  electrons,  but  defocus  or  scatter 
ions.  Such  large  fields  have  been  predicted  [  14],  and  have  been 
shown  to  contribute  to  the  focusing  of  electrons  at  the  rear  of 
such  targets  resulting  in  plasma  formation  [15]. 

Simultaneously,  measurements  of  the  gamma-ray  spectrum 
using  a  gamma-ray  spectrometer  (scintillators/photo-mul- 
tipliers)  as  well  as  through  the  use  of  nuclear  activation 
techniques  [20],  [21],  implied  that  the  hot  electron  temperature 
was  in  the  range  of  I  to  2  MeV  The  spectrum  of  high-energy 
electrons  propagating  through  the  125-/im  targets  was  also 
measured,  and  it  was  found  to  extend  to  energies  greater  than 
20  MeV.  It  is  likely  that  part  of  the  return  current  required  for 
propagation  of  the  hot  electrons  through  the  target  material 
is  provided  by  protons  from  the  front  surface  plasma  that 
are  pulled  along  with  these  electrons  as  they  propagate  into 
the  plasma.  From  these  measurements,  we  have  been  able 
to  infer  the  structure  and  magnitude  of  the  magnetic  field 
generated  within  a  solid  target  during  an  ultrahigh-intensity 
laser  interaction  [16]. 

These  results  are  in  contrast  to  measurements  of  the  heavy  ion 
and  proton  spectra  in  the  forward  direction  (i.e.,  in  the  plume  of 
ablated  plasma),  which  were  similarly  recorded  with  high  spa¬ 
tial  and  spectral  resolution.  In  this  direction,  we  have  observed 
the  formation  of  a  lower  energy  ring  structure  composed  of  pro¬ 
tons  (~4  MeV)  and  heavy  ions  that  is  probably  created  by  mag¬ 
netic  fields  that  exist  in  the  expanding  plasma  and  a  higher  en¬ 
ergy  population  that  exhibits  a  less  well-defined  structure. 

To  measure  both  the  heavy  ion  and  proton  spectra,  a  Thomson 
parabola  ion  spectrometer  using  CR39  plastic  nuclear  track  de¬ 
tectors  was  situated  at  an  angle  of  20°  from  the  target  normal. 
In  addition,  the  spectral  and  spatial  distribution  of  the  protons 
emitted  from  the  interaction  was  determined  by  placing  a  “sand¬ 
wich”  of  several  pieces  of  radiochromic  film  and  CR39  detec¬ 
tors  in  front  of  the  target — similar  to  that  which  was  used  at  the 
back. 
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The  CR39/radiochromic  film  pack  was  covered  with  a  20-/im 
thick  piece  of  aluminum  and  was  aligned  with  the  target  at  a 
distance  of  70  mm  from  the  surface,  the  center  of  which  coin¬ 
cided  with  the  target  normal.  The  target  was  again  a  125-/im 
thick  piece  of  aluminum.  Almost  no  heavy  ions  penetrate  the 
first  layer  of  radiochromic  film  and  the  signal  on  the  subse¬ 
quent  pieces  of  CR39  is  largely  from  energetic  protons  origi¬ 
nating  from  hydrocarbon  contaminants  on  the  front  surface  of 
the  target. 

In  this  “sandwich”  target,  the  first  piece  of  radiochromic  film 
shows  a  ring  structure  that  is  consistent  with  a  ring  of  low  energy 
(<4-MeV)  protons  recorded  on  the  following  piece  of  CR39. 
The  center  of  the  ring  does  not  coincide  with  the  target  normal, 
but  is  shifted  by  about  10°  back  toward  the  direction  of  the  inci¬ 
dent  laser,  and  down  slightly.  Overall,  the  low-energy  ion  emis¬ 
sion  occurs  within  a  20°  cone  (the  plasma  plume)  and  is  charac¬ 
terized  by  a  fine-scale  filamentary  structure.  The  surface  of  the 
CR39  records  some  of  the  proton  signal  from  the  ring,  but  little 
additional  signal  is  seen. 

Higher  energy  protons  were  measured  by  the  subsequent 
pieces  of  CR39  in  the  “sandwich,”  which  are  separated  by 
a  single  piece  of  radiochromic  film.  The  energies  at  these 
surfaces  are  11  MeV  and  13  MeV,  respectively.  Here,  no  ring 
structure  is  observed  and  the  protons  cover  an  emission  area 
that  gets  smaller  as  the  energy  of  the  protons  increases,  but 
has  no  apparent  correlation  with  the  lower  energy  component. 
Measurements  of  protons  of  energies  up  to  18  MeV  and  20 
MeV  were  made  using  a  similar  technique;  however,  they  were 
observed  to  be  much  less  collimated  than  were  those  measured 
at  the  back  of  the  target.  Similar  data  (which  also  showed  the 
same  low-energy  ring  structure)  was  consistently  measured 
over  a  series  of  shots.  Simultaneous  measurements  at  the  front 
and  the  rear  of  the  target  indicate  that  the  maximum  proton 
energies  are  almost  the  same  in  both  directions  (see  below). 

It  is  likely  that  the  lower  energy  component  of  the  proton 
emission  is  produced  during  the  expansion  phase  of  the  plasma. 
During  this  period,  temperature  gradients  along  the  target  sur¬ 
face  combined  with  nonparallel  density  gradients  from  the  ex¬ 
panding  plasma  produce  self-generated  magnetic  fields  [17]. 
These  fields  may  affect  the  plasma  [15]  as  it  expands,  thus, 
forming  the  “ion  ring,”  as  discussed  earlier.  These  ions,  which 
include  protons  of  up  to  4  MeV,  have  energies  that  are  consis¬ 
tent  with  plasma  expansion  velocities  as  measured  by  optical 
probing  [15].  The  magnetic  pressure  along  the  target  normal 
collimates  the  expanding  plasma  at  the  laser  spot  to  produce  a 
plasma  jet  containing  low-energy  ions  and  electrons  that  can  be 
seen  as  a  bright  central  feature.  This  plasma  jet  is  likely  formed 
before  the  toroidal  plasma  formation  and  in  the  direction  away 
from  the  target  along  the  normal  to  the  surface.  The  ring  of 
plasma  is  formed  as  the  magnetic  field  is  generated  in  the  ab¬ 
lating  plume  and  is  recorded  as  low-energy  protons  and  ions 
on  the  radiochromic  film.  Such  plasma  formation  has  been  ob¬ 
served  in  MHD  simulations  and  in  previous  experiments  [15].  A 
fine-scale  filamentary  structure  can  be  seen  on  the  radiochromic 
film  at  the  edge  of  the  ring,  which  is  unlike  the  images  recorded 
on  radiochromic  film  at  the  rear  of  the  target. 

The  higher  energy  component  of  the  ion  emission  appears  to 
be  qualitatively  different  from  the  lower  energy  component  and 


Fig.  5.  Typical  aluminum  ion  spectrum  from  front  surface  plasma  during 
interactions  at  ^3  X  10^®  W/cm^. 

does  not  exhibit  a  ring  structure.  It  is  possible  that  these  ions 
are  produced  near  the  critical  surface  where  large  electrostatic 
fields  can  be  generated  via  plasma  wave  generation  (via  a  mech¬ 
anism  such  as  resonance  absorption).  The  interaction  process  is 
therefore  capable  of  producing  equivalent  maximum  proton  en¬ 
ergies  in  both  directions  at  the  front  target  surface.  The  number 
of  protons  above  1  MeV  is  about  the  same  as  that  measured  at 
the  rear  of  the  target.  The  fact  that  the  very  highest  energy  ions  in 
the  plasma  plume  have  a  similar  energy  to  those  recorded  at  the 
back  of  the  target  suggests  that  they  are  not  produced  in  the  ab¬ 
lated  plume,  but  they  are  generated  by  large  electrostatic  fields 
near  the  critical  density  surface,  which  may  accelerate  ions  in 
both  directions. 

The  detailed  energy  spectra  of  ions  emitted  during  these 
interactions  were  obtained  using  the  Thomson  parabola  ion 
spectrometer.  Previous  measurements  suggest  that  the  domi¬ 
nant  component  of  the  ion  emission  is  protons,  however,  it  is 
clear  that  a  substantial  contribution  is  from  other  ion  species. 
Measurements  of  ion  emission  from  lead  targets  indicate 
Pd-like  Pb^^"^  ions  up  to  220  MeV  and  Xe-like  Pb^^+  ions  up 
to  430  MeV  Fully  stripped  aluminum  (Fig.  5)  and  carbon  ions 
up  to  150  MeV  and  90  MeV  were  also  measured.  The  total 
number  of  Al  ions  greater  than  10  MeV  was  estimated  to  be 
rv.»  10^^  ions/sterradian. 

These  experiments  suggest  that  there  are  two  components  to 
proton  and  ion  production.  The  lower  energy  part  is  formed 
many  picoseconds  after  the  laser  pulse  as  the  heated  plasma  ab¬ 
lates  and  is  strongly  influenced  by  the  magnetic  field  generation 
to  be  in  the  plasma.  In  contrast,  the  higher  energy  component  is 
likely  generated  during  the  laser  interaction  period. 

IV.  Ion  Sources 

The  requirements  for  an  ion  source  are  that  it  be  able  to  op¬ 
erate  at  repetition  rates  of  at  least  1  Hz,  that  it  have  short  pulse 
length,  high  luminosity,  and  that  it  be  flexible  to  make  available 
a  wide  variety  of  ionized  species.  It  is  likely  that  an  ion  source 
using  high-intensity  laser-produced  plasmas  could  meet  these 
requirements  easily.  The  pulse  length  of  ions  must  be  less  than 
the  revolution  time  for  ions  in  a  synchrotron. 
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"mono”  energetic  ion 
beam  (to  accelerator) 


Fig.  6.  Schematic  of  possible  high  intensity  laser-plasma  ion  injector 
geometry. 

From  the  above  discussion,  it  is  clear  that  there  are  distinct 
advantages  to  the  use  of  high-intensity  lasers  for  ion  accelera¬ 
tion.  If  gas  jets  are  used  as  the  target,  it  seems  likely  that  high 
repetition  sources  of  highly  ionized  noble  gases  having  energies 
of  up  to  10  MeV  can  be  produced.  The  disadvantage  of  this  ap¬ 
proach  is  that  the  ion  energies  are  typically  low  and  that  the  ions 
are  emitted  with  a  broad  angular  distribution  so  that  a  compli¬ 
cated  collection  scheme  may  be  necessary.  There  are  also  fewer 
energetic  ions  emitted  from  underdense  interactions  for  similar 
focused  laser  intensities. 

For  solid  target  interactions,  it  appears  that  nonlinear  ac¬ 
celeration  mechanisms  in  the  interaction  region  can  produce 
high-energy  ions.  However,  it  is  not  clear  how  the  peak 
ion  energy  scales  with  incident  laser  intensity.  In  the  past, 
laser-produced  ion  sources  have  used  ions  produced  in  the 
ablated  plasma  plume,  and  while  this  seems  to  be  possible  using 
very  intense  laser  pulses,  a  better  design  for  a  high-intensity 
ion  source  would  involve  the  use  of  the  forward-propagating 
beam  of  ions.  Such  ions  are  almost  as  energetic  as  the  ions 
emitted  in  the  plume,  and  it  also  appears  that  magnetic  fields 
generated  inside  thin  targets  tend  to  focus  and  collimate  the 
highest  energy  ions  after  they  are  emitted.  A  possible  design 
for  a  high-intensity  laser/dense  plasma  ion  source  is  shown 
in  Fig.  6.  The  energies  of  the  emitted  ions  and  the  observed 
angular  emission  of  these  sources  suggest  that  perhaps  the 
linac  pre-acceleration  stage  can  be  avoided  with  the  use  of 
high-intensity  laser  ion  sources,  although  clearly  further  work 
is  required  to  determine  the  reproducibility  of  the  angular 
emission  pattern  and  of  the  energy  spectrum  of  emitted  ions. 

The  authors  would  like  to  acknowledge  the  technical  assis¬ 
tance  of  the  VULCAN  operations  team  in  these  experiments. 
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Abstract — In  a  conventional  inverse  Cherenkov  accelerator 
(ICA),  the  background  neutral  gas  provides  the  necessary  dis¬ 
persion  to  maintain  the  synchronism  between  the  drive  laser 
and  the  accelerated  electrons.  A  laser-driven  ICA  is  susceptible 
to  diffraction,  and  the  acceleration  length  is  limited  to  approxi¬ 
mately  a  Rayleigh  range  (for  a  Gaussian  beam).  In  this  paper,  an 
ICA  configuration  is  proposed  that  avoids  the  laser  diffraction 
limitation  by  employing  a  preformed  plasma  channel.  It  is  shown 
that  a  radially  polarized  laser  beam  can  be  optically  guided  if  the 
plasma  density  increases  with  radius-like  r^.  Expressions  for  the 
guided  axial  and  radial  components  of  the  laser  field  are  derived, 
and  a  numerical  example  is  discussed. 

1.  Introduction 

There  are  a  number  of  fundamental  issues  associated  with 
laser-driven  acceleration  [1],  [2],  The  drive  laser  must  be 
optically  guided  over  distances  of  many  diffraction  lengths,  and 
the  phase  velocity  of  the  accelerating  field  should  be  equal  to  or 
less  than  the  speed  of  light  to  avoid  phase  velocity  slippage.  In 
addition,  the  drive  laser  or  accelerated  electrons  should  avoid 
ionizing  the  accelerating  medium.  Intense  laser  pulses  have 
been  optically  guided  in  preformed  plasma  channels  for  dis¬ 
tances  greater  than  tens  of  Rayleigh  lengths,  corresponding  to 
a  few  centimeters.  These  plasma  channels  have  been  produced 
by  capillary  discharges  [3],  axicon-focused  laser  beams  [4], 
or  intense  self-guided  laser  pulses  [5].  In  general,  achieving 
refractive  guiding  in  plasma  channels  requires  an  index  of 
refraction  that  has  its  peak  along  the  propagation  axis  and 
decreases  with  radius.  In  order  to  maximize  the  refractive  index 
along  the  axis,  the  plasma  channel  consists  of  a  plasma  column 
with  minimum  density  on  axis.  For  optical  guiding  of  a  laser 
beam  with  a  Gaussian  transverse  profile,  the  plasma  density 
must  increase  in  the  radial  direction  as 
The  inverse  Cherenkov  effect  has  been  considered  as  a 
high-energy  electron  acceleration  mechanism  [6]-[10].  Exper¬ 
iments  at  Brookhaven  National  Laboratory  [7]  on  the  inverse 
Cherenkov  accelerator  (ICA),  in  which  the  drive  laser  was  not 
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Optically  guided,  observed  a  3.7-MV  electron  energy  gain  with 
an  accelerating  gradient  of  31  MV/m.  In  these  experiments, 
the  energy  of  the  injected  electron  beam  was  40  MV,  and  a 
580-MW,  CO2  laser  in  2.2  atmosphere  of  H2  gas  was  used. 

Under  appropriate  conditions,  a  laser  beam  with  a  large  axial 
electric  field  component  and  phase  velocity  equal  to  the  speed  of 
light  can  be  optically  guided  along  a  plasma  channel  containing 
neutral  gas.  The  combination  of  a  plasma  channel  and  neutral 
gas  can  provide  the  basis  for  an  optically  guided  ICA.  The  neu¬ 
tral  gas  density  must  be  sufficient  to  modify  the  refractive  index 
of  the  channel  in  a  way  that  will  result  in  the  phase  velocity  of 
the  laser  radiation  to  be  equal  to  or  less  than  the  speed  of  light. 

Electron  acceleration  in  vacuum  is  limited  by  both  laser 
diffraction  and  electron  slippage  [2],  [11]-[13].  In  ICAs  in 
which  the  drive  laser  is  not  optically  guided,  the  acceleration 
is  limited  by  diffraction  and  not  electron  slippage.  Ionization 
processes  are  also  detrimental  to  the  operation  of  ICAs  for 
several  reasons  [14],  [17].  Optical  ionization  of  the  gas  can  lead 
to  significant  modification  of  the  dispersive  properties  of  the 
medium,  thus,  altering  the  phase  velocity  of  the  accelerating 
field  and  causing  slippage  between  the  field  and  the  accelerated 
electrons.  Ionization  can  modify  the  refractive  properties  of  the 
plasma  channel  used  for  the  guidance  of  the  laser  beam  and 
limit  the  acceleration  distance.  In  addition,  ionization  processes 
limit  the  accelerating  gradient  and  place  an  upper  limit  on  the 
laser  pulse  duration  in  the  accelerator.  Use  of  ultrashort  laser 
pulses  to  avoid  ionization  may  result  in  group  velocity  slippage 
or  lethargy  in  which  the  short  laser  pulse  slips  behind  the 
accelerated  electrons.  Both  phase  and  group  velocity  slippage 
can  impose  severe  limitations  on  the  acceleration  level  and  the 
energy  gain  in  the  ICA. 

The  ICA  configuration  proposed  here  employs  a  preformed 
plasma  channel  and,  hence,  overcomes  the  diffraction  limita¬ 
tion,  allowing  the  interaction  and  acceleration  to  take  place  over 
long  distances  compared  with  the  diffraction  (Rayleigh)  length. 
In  this  configuration,  shown  in  Fig.  1,  a  hollow  laser  beam, 
which  is  predominantly  polarized  in  the  radial  direction,  is  op¬ 
tically  guided  in  a  plasma  channel  containing  neutral  gas.  Even 
though  such  a  laser  beam  does  not  have  a  Gaussian  transverse 
profile,  it  can  be  optically  guided  in  a  channel  in  which  the 
plasma  density  increases  as  r^.  We  formulate  and  solve  the 
paraxial  wave  equation  for  the  proposed  configuration  and  de¬ 
rive  the  appropriate  conditions  for  acceleration.  Finally,  we  il¬ 
lustrate  these  results  with  a  numerical  example. 
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Plasma  Channel 


Fig.  1.  Schematic  of  inverse  Cherenkov  accelerator  configuration  employing 
a  plasma  channel.  The  plasma  density  is  minimum  on  axis,  rising  as  to 
provide  guiding  of  the  laser  beam. 

11.  Paraxial  Wave  Equation 

We  consider  a  radially  polarized  laser  pulse  propagating  in 
an  inhomogeneous  plasma  channel  containing  neutral  gas.  The 
electric  field  E(r,  z,  t)  of  the  hollow  laser  beam  must  satisfy 
the  vector  wave  equation 


anticipation  of  the  finite  spot  size  of  the  laser  pulse.  The 
transverse  wavenumber  k±_  is  inversely  proportional  to  the 
laser  spot  size.  The  particular  value  of  is  determined  by 
the  specific  transverse  modal  structure  of  the  laser  pulse.  The 
transverse  wavenumber  k±_  must  satisfy  the  dispersion  relation 
for  a  medium  containing  neutral  gas  and  plasma  with  finite 
spot  size  effects 


2  , 

^2  +  ^2 


In  order  to  simplify  (4),  it  is  expedient  to  perform  a  change 
of  variables  from  (^,  t)  to  (2:,  0,  where  ^  =  z  —  Vgt.  Then, 
d/dz  — >  d/dz  +  and  djdt  —ygd/d^.  Using  these 
variables,  (4)  becomes 


+  /c1  - 


An  ^ 

- -  +  2iko  — 

ripo  ri  dz 


Er{r,  z,  =  0  (6) 


III.  Matched  Laser  Beam  Solution  and  Radial 
Electric  Field 


where 

Laplacian  for  the  vector  radial  field; 

Uo  refractive  index  of  the  neutral  gas; 

Up[r)  plasma  frequency  of  the  plasma  channel. 

The  plasma  frequency  varies  with  the  radius  r  and  is  given  by 

where  ujpo  =  a;p(0)  =  {^'Kq^ripolra)  is  the  plasma  frequency 
on  axis,  An  is  the  maximum  variation  of  the  plasma  electron 
density  across  the  plasma  channel,  and  Vc  is  the  radius  of  the 
channel. 

We  separate  the  slow-  and  fast- varying  parts  of  the  radial  laser 
field,  and  we  write  it  as  follows: 

E(r,  2;,  t)  =  (l/2)(£'r(r,  z,  f)exp(i(/co^  -  ^o'^))  +c.c.)e^ 

(3) 

where 

Er  slowly  varying  complex  part; 
ko  longitudinal  wavenumber; 
uq  frequency; 

unit  radial  vector. 

Substituting  (3)  into  (1)  and  neglecting  the  d^^jdz^  and  /dt^ 
operating  on  Er  yields  the  paraxial  wave  equation  for  the  com¬ 
plex  amplitude  Er 


ujpo  An 


r»-7  ^  ^ 

+  2tkoY^+2i-^u;o^ 


•  Er{r,  z,t)  =  0 


where  =  r~^d{rd/dr)/dr  -  is  the  transverse 

Laplacian  of  the  radial  electric  field  component  and  k±  is 
the  transverse  wavenumber,  which  has  been  introduced  in 


We  now  assume  that  the  hollow  laser  pulse,  which  propagates 
along  the  plasma  channel  with  the  neutral  gas,  is  matched  to  the 
channel.  That  is,  both  the  amplitude  and  the  spot  size  are  inde¬ 
pendent  of  the  propagation  distance  2:.  The  phase  of  the  matched 
complex  amplitude  may,  in  general,  be  proportional  to  2^.  The 
complex  amplitude  Er  for  the  hollow  matched  beam  may  be 
written  as 

Ero{r,  z)  =  (V2r/ro)  Eo  exp{iAkz)exp{-{l  iOo)r^ /rl) 

(8) 

where  ro,  Afc,  and  60  are  constants  to  be  determined  by  the 
conditions  for  matching  the  beam  to  the  channel.  The  coefficient 
Eo  is  related  to  the  peak  intensity  of  the  laser  beam.  The  radial 
field  is  zero  on  axis  and  has  a  peak  value  of  Eo,  peak  =  Eo/y/e 
at  r  —  ro/V2,  where  e  2.72.  The  peak  value  should  be  below 
the  permitted  upper  limit  for  the  electric  field. 

We  introduce  the  expression  (8)  into  (6),  and  we  find  that 


-‘^  —  '^-2Akk}\Ero{r,z)  =  0.  (9) 

Hpo  ri  I 


In  (9),  we  equate  the  real  and  the  imaginary  parts  for  the  terms 
with  like  powers  of  r  and  we  obtain  the  following  conditions  for 
the  matched  laser  beam: 


(10a) 

(10b) 

(10c) 
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Setting  the  transverse  wavenumber  of  the  radially  polarized 
hollow  mode  equal  to  k±  =  2\/2/ro,  we  find  that  Ak  =  0. 
Then,  the  dispersion  relation  in  (5)  becomes 


8 


k2  2  ^po  ,  -  _ 


(lOd) 


For  comparison,  note  that  for  a  matched  laser  beam  having  a 
Gaussian  transverse  profile,  k±  =  2/ro^  A  more  proper  ap¬ 
proach  for  solving  (6)  is  to  make  use  of  the  source  dependent 
expansion  method  (SDE)  [15],  [18].  The  use  of  the  SDE  method 
results  in  small  numerical  differences  with  the  expressions  in 
(10a)”(10d)  and  for  k±. 

We  introduce  (10)  into  (8)  and  (3),  and  we  obtain  the  am¬ 
plitude  for  the  radial  electric  field  of  the  hollow  matched  laser 
pulse 


Ero{r,  z)  =  (y2r/ro^  Eo  exp(-rV^o) 

(11) 

In  order  to  obtain  the  phase  velocity  v^h  of  the  laser  pulse, 
we  solve  the  dispersion  relation  (lOd)  for  ko 


Er  (r) 


E.M 


Vph  =  '^  =  cinl-ivlJwl-Sc^/iw^r^))  (12) 

A/q 

Equating  the  phase  velocity  to  the  speed  of  light  yields  the 
refractive  index  associated  with  the  neutral  gas 

no  =  (1  + 

^l  +  (l/2V2^/a;2^4cVKV2).  (13) 

The  approximate  form  for  Uo  is  based  on  the  assumptions  lOo  > 
Upo  and 

IV.  Accelerating  Electric  Field  and  Power 

The  accelerating  electric  field  is  the  axial  component  associ¬ 
ated  with  the  radial  component  calculated  above.  The  longitu¬ 
dinal  component  of  the  electric  field  is  determined  from  the  ra¬ 
dial  component  by  use  of  Gauss’s  law  for  the  full  electric  field 
of  the  laser  pulse.  Neglecting  the  polarization  charge,  because 
no  1,  we  may  write  the  consistency  equation  as  V  •  E  =  0. 
Then,  the  axial  electric  field  associated  with  the  matched  hollow 
laser  pulse  may  be  calculated  by  use  of  the  equation 

dEz/dz  =  ”  {llr)d{rEr)ldr  : 

Ez{r,  z,t)=~  Ez^m^^  exp(-r^/r^) 

•  sm{koZ  -  ujot).  (14) 

The  peak  axial  electric  field  occurs  along  the  axis  (r  =  0), 
that  is,  where  it  is  needed  for  the  acceleration 

Ez, pc.ak  = —  —Eo.  (15) 

TT  To 

The  radial  variation  of  Er  and  Ez  is  shown  in  Fig.  2. 

The  laser  power  intensity  in  the  predominately  radially  po¬ 
larized  hollow  laser  pulse  is  given  by  the  following  expression, 
when  the  assumption  no  «  1  is  made: 

/  =  ^(|E  X  B|),  =  ^Ef^^  eM-2ryrl)  (16) 


Fig.  2.  Plots  of  the  radial  variation  of  the  radial  (E,,)  and  axial  {E.) 
components  of  the  laser  electric  field.  The  axial  field  on  axis  is  responsible  for 
acceleration. 

where  {•  -)t  denotes  the  time  average  operator.  The  power  is 
then  calculated  easily  as 

P={-  [  (17) 

f/arra  -tn 

where  the  integral  over  the  cross  section  of  the  laser  beam  is 
/area  /(^  ^  ^sing  (16)  and  (17),  we  find  the  peak 

value  of  the  intensity  in  terms  of  the  power  and  the  spot  size  of 
the  laser  beam  under  the  assumption  iio  ^  1 

^pcak  ~  ^  Ejr^  (18) 

OTT  TTC 

at  r  =  To/v^,  where  e  ^  2.72.  The  spot  size  is  related  to  the 

parameters  of  the  problem  through  (10c). 

It  has  been  shown  [16],  [19]  that  for  an  ICA,  it  is  advanta¬ 
geous  to  employ  a  laser  having  a  Bessel  beam  profile  as  opposed 
to  one  having  a  Gaussian  profile.  That  is,  for  equal  laser  beam 
powers,  a  Bessel  beam  results  in  a  larger  increase  in  electron  en¬ 
ergy.  The  advantage  of  a  guided  laser  beam,  as  proposed  here,  is 
that  in  principle  the  interaction  length  can  be  much  longer  than 
that  of  a  Bessel  beam. 

V.  Numerical  Illustration 

As  a  numerical  illustration,  consider  a  radially  polarized 
hollow  laser  pulse  with  wavelength  Ao  ~  1  //m,  spot  size 
To  —  20  /xm,  and  peak  intensity  =  10^^  W/cm^ 

ai  r  ~  ro/\/2  =  14.14  fj,m.  Using  these  values,  we  cal¬ 
culate  peak  radial  electric  field  Ea/y/e.  —  2.75  GV/m  at 
r  =  ro/\/2  =  14.14  //m,  peak  axial  field  Ez^paik  ~  101.9 
MV/m  on  the  axis,  and  total  laser  power  P  =  17.1  MW. 

The  refractive  index  of  the  neutral  gas  is  specified  by  (13), 
i.e.,  no  =  1  +  -f  4c^/(a;^r^),  which  is  the  con¬ 

dition  for  the  phase  velocity  to  be  synchronized  with  the  speed 
of  light.  For  Ao  =  1  fim  and  Uo  ^  1,  the  angular  frequency 
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is  u)o  ^  1.885  X  10^^  rad/s.  Taking  the  plasma  density  on  the 
axis  to  be  Upo  =  10^^  cm“^,  we  find  Upo  =  5.64  x  lO^n^o^ 
rad/s  =  5.64  x  10^^  rad/s.  Then,  the  first  contribution  to  Uo  is 
^  4.48  X  10“®,  and  the  second  contribution  is 
^  2.53  x  10"^,  To  achieve  a  refractive  index  of 
rio  «  1  +  2,5  X  10“^,  we  need  a  neutral  gas  with  pressure  ~2 
atm. 


VI.  Conclusion 

A  novel  approach  to  inverse  Cherenkov  acceleration  of  elec¬ 
trons,  employing  a  preformed  plasma  channel,  is  proposed.  The 
plasma  channel,  having  a  density  minimum  on  axis,  fulfills  the 
function  of  an  optical  guide,  guiding  the  laser  beam  over  many 
Rayleigh  ranges.  This,  in  principle,  eliminates  diffraction  of  the 
laser  beam.  Because  the  inverse  Cherenkov  acceleration  process 
is  inherently  synchronous,  this  configuration  is  in  principle  ca¬ 
pable  of  high-energy  gains  by  extending  the  interaction  length. 
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Acceleration  and  Compression  of  Charged  Particle 
Bunches  Using  Counterpropagating  Laser  Beams 
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Abstract — The  nonlinear  interaction  between  counterpropa¬ 
gating  laser  beams  in  a  plasma  results  in  the  generation  of  large 
(enhanced)  plasma  wakes.  The  two  beams  need  to  be  slightly 
detuned  in  frequency,  and  one  of  them  has  to  be  ultrashort 
(shorter  than  a  plasma  period).  Thus  produced  wakes  have  a 
phase  velocity  close  to  the  speed  of  light  and  can  be  used  for 
acceleration  and  compression  of  charged  bunches.  The  physical 
mechanism  responsible  for  the  enhanced  wake  generation  is 
qualitatively  described  and  compared  with  the  conventional  laser 
Wakefield  mechanism.  We  also  demonstrate  that  depending  on  the 
sign  of  the  frequency  difference  between  the  lasers,  the  enhanced 
wake  can  be  used  as  a  “snow-plow”  to  accelerate  and  compress 
either  positively  or  negatively  charged  bunches.  This  ability  can 
be  used  in  an  electron-positron  injector. 

Index  Terms — Injectors,  laser-plasma  interactions,  plasma  ac¬ 
celerators. 


I.  Introduction 

PLASMA  was  suggested  as  an  attractive  medium  for  par¬ 
ticle  acceleration  [  1  ]  because  of  the  high  electric  field  it  can 
sustain.  In  a  plasma-based  accelerator  [2],  particles  gain  energy 
from  a  longitudinal  plasma  wave  whose  phase  velocity  is  close 
to  the  speed  of  light.  Excitation  of  such  plasma  wakes  requires 
a  relativistic  driver,  such  as  an  electron  beam  in  a  plasma  wake- 
field  accelerator  (PWA)  [3]  or  a  short  laser  pulse  in  laser  wake- 
field  accelerators  (LWFA)  [1].  The  magnitude  of  the  plasma 
wake  in  LWFA,  measured  in  units  of  =  mcwyjt,  where 
a;p  =  (47re^no/m)^/^  is  the  plasma  frequency,  is  approxi¬ 
mately  equal  to  where  ao  =  eAofm,c^  is  the  normal¬ 
ized  vector  potential  of  the  laser  pulse.  Here,  no,  -e,  and  rn 
are  the  plasma  electron  density,  electron  charge,  and  mass,  re¬ 
spectively.  Because  ao  =  1  corresponds  to  the  laser  intensity 
Jo  :=  2.7  X  10^®  W/cm^/Ao  where  Ao  =  27rr!/cuo  is  the 
laser  wavelength,  a  relatively  high  intensity  is  needed  to  produce 
an  electric  field  comparable  to  Ewi,. 

Recently,  a  novel  approach  to  generating  plasma  wakes  was 
suggested  [4].  It  employs  two  counterpropagating  laser  pulses:  a 
short  timing  beam  (TB)  with  frequency  ujq  and  a  long  pumping 
beam  (PB)  with  frequency  cui.  To  produce  a  plasma  wake  of 
order  eEz/rricUp  ^  the  TB  has  to  be  shorter  than 
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and  detuned  from  the  PB  by  |  Acu  =  uj[)  -ui  \  ^  Up.  Because  this 
approach  requires  two  colliding  laser  beams,  it  is  referred  to  as  a 
colliding  beam  accelerator  (CBA).  CBA  has  two  important  fea¬ 
tures:  1)  the  required  intensities  of  the  colliding  laser  pulses  are 
much  smaller  than  10^^  W/cm^,  and  2)  the  phase  of  the  wake 
depends  on  the  frequency  detuning  Acu.  Feature  1)  can  be  re¬ 
stated  as  follows:  plasma  wake  due  to  the  low-intensity  short 
la.ser  pulse  alone  is  much  smaller  than  the  plasma  wake  due  to 
the  interference  of  the  same  short  pulse  with  a  long  counter¬ 
propagating  pulse.  Therefore,  the  former  wake  is  referred  to  as 
the  “regular  wake,”  and  the  latter  wake  is  referred  to  as  the  “en¬ 
hanced  wake.” 

In  this  paper,  we  further  elucidate  the  basic  differences  be¬ 
tween  the  regular  and  enhanced  wakes  by  exploring  the  analogy 
between  the  plasma  wave  excitation  and  the  excitation  of  a  pen¬ 
dulum.  There  are  two  ways  to  excite  a  pendulum:  by  displacing 
it  and  letting  go,  or  by  imparting  it  with  momentum  through 
an  impulsive  kick.  It  turns  out  that  the  excitation  of  the  regular 
wake  is  analogous  to  the  former,  whereas  the  excitation  of  the 
enhanced  wake  is  analogous  to  the  latter.  In  addition,  we  demon¬ 
strate  how  CBA  can  be  used  as  a  compressor/injector  of  charged 
particle  bunches.  Because  the  phase  (or,  equivalently,  the  sign) 
of  the  enhanced  wake  can  be  controlled  by  the  laser  detuning 
Ao;,  such  an  injector  can  accelerate  and  compress  either  elec¬ 
tron  or  positron  bunches. 

The  basic  idea  of  using  a  laser  pulse  as  a  “snow-plow”  for  di¬ 
rect  ponderomotive  acceleration  in  a  plasma  was  recently  sug¬ 
gested  by  McKinstrie  and  Startsev  [5].  They  found  that  if  the 
group  velocity  of  the  laser  pulse  <  c,  an  intensity  threshold, 
exists,  past  which  an  electron  that  initially  moves  with  uq  <  Vg 
can  be  accelerated  to  the  velocity  larger  than  the  laser  group  ve¬ 
locity.  The  intensity  threshold  becomes  infinite  for  a  laser  pulse 
moving  with  the  speed  of  light.  For  the  subthreshold  intensities, 
the  electron  is  eventually  overtaken  by  the  laser  pulse  without 
net  energy  gain.  Du  and  Xu  [6]  later  extended  this  idea  by  con¬ 
sistently  taking  into  account  the  longitudinal  electric  field  of  the 
plasma  (although  assuming  that  the  laser  pulse  is  longer  than  the 
plasma  period).  They  concluded  that  under  these  assumptions, 
electrons  cannot  be  accelerated  by  the  combined  fields  of  the 
laser  and  plasma.  Positrons,  however,  could  be  accelerated  by 
the  leading  edge  of  the  electrostatic  potential  produced  in  the 
plasma.  Importantly,  the  intensity  threshold  does  not  diverge  in 
the  limit  of  Vy  c.  Unfortunately,  the  transverse  electric  field 
would  sidescatter  positrons  unless  some  external  focusing  is  ap¬ 
plied. 

Accelerators  described  in  [5]  and  [6],  where  an  injected  par¬ 
ticle  is  pushed  by  the  leading  edge  of  either  the  ponderomo¬ 
tive  or  the  induced  electrostatic  potentials,  can  be  referred  to 
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as  the  snow-plow  accelerators.  They  differ  from  the  conven¬ 
tional  laser-plasma  accelerators  in  that  the  final  particle  energy 
does  not  depend  on  the  particle  phase  with  respect  to  the  plasma 
wake.  As  long  as  the  intensity  threshold  is  exceeded,  the  final 
energy  of  the  particle,  which  is  originally  ahead  of  the  pulse,  is 
determined  by  the  pure  kinematics  of  the  collision  between  a 
particle  and  a  moving  wall.  From  similar  kinematic  considera¬ 
tions,  we  conclude  that  an  initially  long  bunch  is  compressed  in 
the  process  of  injection. 

Although  neither  [5]  and  [6]  suggested  that  a  particle  injector 
can  be  based  on  their  ideas,  such  practical  application  is  log¬ 
ical  if  two  major  drawbacks  of  the  snow-plow  acceleration  can 
be  overcome:  1)  the  mechanism  only  works  for  positrons,  and 
2)  transverse  electric  field  defocuses  the  accelerated  particles. 
In  this  paper,  we  demonstrate  how,  in  principle,  the  ideas  of 
snow-plow  acceleration  and  enhanced  wake  generation  can  be 
combined  to  construct  such  an  injector.  To  do  this,  we  develop 
a  three-dimensional  (3-D)  theory  of  the  CBA.  The  one-dimen¬ 
sional  (1-D)  theory  was  described  in  [4].  Other  laser  injection 
schemes,  not  based  on  the  snow-plow  acceleration,  were  re¬ 
cently  suggested  by  Umstadter  et  al  [7]  and  Esarey  et  al  [8]. 

The  remainder  of  the  paper  is  organized  as  follows.  In  Sec¬ 
tion  II,  we  present  a  qualitative  1-D  analysis  and  numerical  sim¬ 
ulation  of  the  CBA.  The  emphasis  is  on  two  properties  of  the 
enhanced  plasma  wake  produced  in  a  CBA:  1)  large  acceler¬ 
ating  gradients  (>1  GeV/m)  can  be  obtained  using  laser  pulses 
of  subrelativistic  «10^^  W/cm^)  intensities,  and  2)  the  phase 
of  the  enhanced  wake  can  be  changed  by  Acj)  —  tt  by  simply 
changing  the  sign  of  the  frequency  detuning  between  the  timing 
and  pumping  beams.  In  Section  III,  we  review  the  basics  of  the 
snow-plow  acceleration  in  one  dimension.  The  3-D  theory  of  the 
colliding  beam  accelerator  in  an  almost-homogeneous  plasma  is 
derived  in  Section  IV.  Section  V  concludes. 

II.  One-Dimensional  Theory  of  Colliding  Beam 
Accelerator 

To  illustrate  the  concept  of  the  CBA,  the  following  phys¬ 
ical  problem  was  simulated  using  a  1-D  particle-in-cell  (PIC) 
code  Virtual  Laser  Plasma  Laboratory  (VLPL)  [9].  An  ultra- 
short  circularly  polarized  Gaussian  laser  pulse  with  duration 
tl  =  L5a;"^  and  normalized  vector  potential  ao  =  0.12,  prop¬ 
agating  in  the  positive  ^^-direction,  collides  in  a  plasma  with  a 
long  counterpropagating  pulse  with  ai  =  0.05,  Plasma  density 
was  chosen  such  that  Up/uJo  =  0.05.  The  snapshot  of  the  pulse 
intensity  normalized  to  2.7  x  10^®  W/cm^  is  shown  in  Fig.  1(a). 
Two  cases,  corresponding  to  the  different  frequencies  of  the  PB, 
ui  =  lAuJo  and  wi  —  O.Ocjq,  were  simulated.  The  resulting 
plasma  wakes  are  shown  in  Fig.  1(c)  and  (d),  respectively.  For 
comparison,  we  also  plot  the  wake  produced  by  a  single  TB  in 
absence  of  the  counterpropagating  pulse  in  Fig.  1(b). 

Because  the  intensity  of  the  short  pulse  is  chosen  nonrela- 
tivistic,  the  magnitude  of  the  plasma  wake  left  behind  the  pulse 
is  much  smaller  than  the  limiting  (wavebreaking)  field  ac¬ 
cording  to  E/E^h  ^  o!q/2.  The  situation  changes  dramatically 
when  a  counterpropagating  beam  is  added.  As  Fig.  1(c)  and 
(d)  indicate,  the  addition  of  the  pumping  beam  increases  the 
electric  field  of  the  plasma  wake  by  an  order  of  magnitude.  To 


<iipt<i}o=0.05 


Fig.  1.  Top  to  bottom:  (a)  single  short  laser  pulse  with  ao  =  0.12  and 
frequency  ujq  propagates  from  left  to  right;  (b)  short  pulse  generates  a  weak 
plasma  wake  Ea,;  (c)  in  the  presence  of  counterpropagating  pump  with 
a  I  =  0.05  and  frequency  oji  =  I.Icjq,  the  wake  is  enhanced,  and  its  phase  is 
shifted  by  TV  1 2  with  respect  to  the  “regular”  wake  of  (b),  which  is  also  shown 
for  comparison;  (d)  same  as  (c),  only  a  downshifted  pump  with  oji  =  O.Owo 
is  used,  and  the  phase  shift  is  —  7r/2. 

further  illustrate  this  point,  we  plotted  the  regular  wake  [same 
as  shown  in  Fig.  1(a)]  in  Fig.  1(c)  and  (d)  for  comparison.  Note 
that  the  vertical  scales  of  the  Fig.  l(b)-(d)  differ  by  a  factor  20. 
Plasma  wakes  produced  as  a  result  of  the  collision  between  the 
counterpropagating  beams  is  referred  to  as  the  enhanced  wake 
because  it  can  be  much  larger  than  the  regular  wake. 

The  origin  of  the  enhanced  wake  can  be  qualitatively  under¬ 
stood  by  comparing  its  phase  with  that  of  the  regular  wake.  As 
the  comparison  of  Fig.  1(b)  and  (c)  indicates,  the  phase  of  the 
enhanced  wake  differs  by  Acf)  =  tt/ 2  from  that  of  the  regular 
wake.  Recall  that  when  a  laser  pulse  of  the  duration  tl  <a;/ 
interacts  with  a  plasma  electron,  an  electron  is  displaced  by 

—  cf  dC|aop/2  [10],  where  (  =  t  -  zjvg.  The  momentum 
gained  by  the  electron  from  the  laser  pulse  is  small  because 
the  plasma  response  can  be  neglected  for  short  pulse  durations. 
Here,  and  elsewhere,  we  assume  nonrelativistic  laser  intensities 
ao,i  <  1  for  both  the  short  and  long  pulses.  Plasma  is  assumed 
tenuous,  Up  <C  a;o,  so  that  C  ^  t  —  z/c. 

The  above  reasoning  applies  not  only  to  a  single  plasma  elec¬ 
tron,  but  also  to  any  small  fluid  element  of  the  plasma.  Fluid  de¬ 
scription  is  appropriate  here  because  the  electron  displacement 
\kp^\  <  1  for  a  short  laser  pulse  of  nonrelativistic  intensity. 
Therefore,  electron  trajectories  do  not  cross,  and  the  Lagrangian 
displacement  of  the  fluid  element  evi  z  ~  zq  satisfies  the  har¬ 
monic  oscillator  equation  ^  -  0.  The  initial  condition 

=  Zo/c)  =  Co  and  i{zo,t  =  zq/c)  =  0  is  given  along 
the  world  line  of  the  short  laser  pulse  that  sets  up  the  initial  dis¬ 
placement  Co*  The  solution  of  the  harmonic  oscillator  equation 
that  satisfies  this  initial  condition  is  C  —  cos  u;p{t  —  z^^jc). 
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The  electric  field  of  the  resulting  plasma  wake  is  found  from 
=  47renoC 


eEz 

mcujp 


c 


COSU)p( 


where  we  assumed  that  al  oc  exp[”(^/r|]. 

Enhanced  wake  is  shifted  in  phase  by  7r/2  with  respect  to  the 
regular  wake  because  the  initial  conditions  for  every  fluid  el¬ 
ement  along  the  path  of  the  short  pulse  are  set  up  differently. 
Assume,  for  example,  that  every  plasma  fluid  element  is  im¬ 
parted  with  an  initial  velocity  instead  of  being  initially  dis¬ 
placed.  With  such  an  initial  condition,  the  solution  of  the  har¬ 
monic  oscillator  equation,  ^  =  {^o/u)p)sinu;p{t  -  zq/c),  ex¬ 
hibits  the  observed  from  the  simulations  phase  shift.  The  ini¬ 
tial  velocity  is  imparted  to  the  plasma  via  the  backscattering  of 
the  long  pulse  into  the  short  one  (or  vice  versa,  depending  on 
the  frequency  detuning  Ao;),  as  explained  below.  Note  that  the 
backscattering  takes  place  off  the  driven  (nonresonant)  plasma 
density  perturbation,  which  is  excited  over  a  very  short  period 
of  time  Ti  The  frequency  difference  Suj  need  not  (and 

is  not  in  the  example  illustrated  by  Fig.  1)  be  equal  to  Up,  distin¬ 
guishing  the  mechanism  of  the  enhanced  wakefield  generation 
from  the  usual  Raman  backscattering.  By  analogy  to  the  plasma 
heatwave  accelerator,  an  ultrashort  TB  could,  in  principle,  be 
substituted  by  two  longer  beams  separated  in  frequency  by  ujp. 

When  two  counterpropagating  laser  pulses  interfere,  an 
almost-standing  intensity  wave  is  produced.  Its  spatial  and 
temporal  periods  are  27v/{ko  +  ki)  «  ir/ko  and  27r/Aa;, 
respectively.  This  intensity  grating  is  slowly  moving  with  the 
speed  'Uph  =  Aoj/{2ko)  c  and  in  the  limit  of  the  monochro¬ 
matic  beams  becomes  a  standing  wave.  Plasma  electrons  are 
affected  by  the  ponderomotive  force  F  =  which  is 

proportional  to  the  gradient  of  the  ponderomotive  potential 
$p  =  mc^  I 1/2,  created  by  the  interference  of  the  two  lasers. 
This  ponderomotive  force,  directed  along  the  2:-axis,  is  given 
by  Fp  ~  2koaQai  cos{2k{)Z  —  Aut). 

It  is  convenient  to  introduce  an  electron  ponderomotive  phase 
'ipj  =  2kQZj  —  Aujt  of  the  jih  particle  inside  a  given  pondero¬ 
motive  period.  Using  this  definition  and  the  expression  for  the 
ponderomotive  force,  a  useful  quantity  =  Auj^a^ai  can  be 
constructed  that  has  the  dimension  of  the  frequency  squared, 
and  it  characterizes  the  strength  of  the  ponderomotive  force.  If 
>  Up,  the  Coulomb  interactions  between  the  plasma  elec¬ 
trons  can  be  neglected  in  comparison  with  the  ponderomotive 
force.  Equation  of  motion  for  the  j ’s  electron  in  this  case  is  par¬ 
ticularly  simple 


+‘^B(OsinV’i  =  0  (2) 

where,  as  before,  a  dot  denotes  a  derivative  with  respect  to  time 
t  or  the  comoving  coordinate  ~  t  —  z/c.  The  functional  de¬ 
pendence  of  cjb  on  C  is  determined  by  the  longitudinal  profile  of 
the  short  pulse;  the  bounce  frequency  vanishes  before  and  after 
the  timing  beam. 

Plasma  electrons,  initially  stationary  in  the  laboratory  frame, 
enter  the  time-dependent  ponderomotive  bucket  with  the  initial 
“speed”  ^  =  -Auj.  If  this  speed  is  smaller  than  the  bucket 


height  V^niax  =  2ub,  some  electrons  (with  the  appropriate  ini¬ 
tial  ponderomotive  phase)  become  trapped  and  execute  a  syn¬ 
chrotron  oscillation  in  the  bucket.  It  turns  out  that  by  appropri¬ 
ately  choosing  the  pulse  duration  and  frequency  detuning,  a  sub¬ 
stantial  average  momentum  can  be  imparted  to  plasma  elec¬ 
trons.  Clearly,  depending  on  their  initial  phase  'i/jj,  some  elec¬ 
trons  will  gain  positive  or  negative  momentum.  The  emphasis, 
however,  is  on  the  average  momentum  transferred  to  a  fluid  el¬ 
ement  of  size  Ao/2.  The  sign  and  magnitude  of  varies  on  a 
scale  of  the  short  pulse  duration,  which  is  assumed  much  larger 
than  Ao/2.  This  constitutes  the  major  difference  between  the 
generation  mechanisms  of  the  regular  and  enhanced  wakes.  In 
the  case  of  a  regular  wake,  the  fluid  description  on  all  spatial 
scales  is  completely  adequate.  In  the  case  of  an  enhanced  wake, 
fluid  description  is  sufficient  on  a  long  spatial  scale  (of  order 
ctl  or  c/ujp).  Fully  kinetic  treatment  may  be  necessary  on  a 
short  scale  of  the  ponderomotive  period. 

To  model  the  electron  dynamics  on  a  scale  of  one  ponderomo¬ 
tive  period,  we  assume  that  the  TB  has  a  Gaussian  temporal  pro¬ 
file,  =  Uq  exp(-^^/2r2),  and  solve  the  nonlinear  pen¬ 

dulum  equation  (2)  for  an  ensemble  of  test  electrons.  Before  the 
arrival  of  the  TB  (at  (  —  —  oo),  the  electrons  are  uniformly  dis¬ 
tributed  in  phase  0  <  'ijjj  <  27r  and  have  identical  -  -Auj. 
The  average  momentum  gained  by  the  electrons  after  the 
interaction,  is  calculated  as  P^  =  (m/2A:o)  AV^j,  where 
=  -fcx))  -  =  — oo).  In  the  color  plot  of 

Fig.  2,  Pz  is  shown  as  the  function  of  the  normalized  pulse  du¬ 
ration  ubtl  and  frequency  detuning  Au/ub-  From  Fig.  2,  the 
average  momentum,  gained  by  the  electrons,  has  the  same  sign 
as  the  frequency  detuning. 

The  largest  average  momentum  gain  m.cAuj/ujo  is  re¬ 
alized  for  Au;  «  ub  and  tl  ^  2/ub-  For  these  parameters, 
most  of  the  electrons  execute  half  of  a  bounce  in  the  pondero¬ 
motive  bucket.  Other  bright  color  streaks  in  Fig.  2  correspond 
to  the  electrons  executing  3/2,  5/2,  etc.,  bounces.  For  those 
higher  order  resonances,  P^  is  maximized  for  longer  pulse  dura¬ 
tions  Tl.  If  the  pulse  duration  is  longer  than  the  neglected 
space-charge  terms  are  likely  to  wash  out  these  higher  order  res¬ 
onances  and  to  reduce  P^,  The  nonzero  momentum  transfer  to 
the  plasma  electrons  is  due  entirely  to  the  short  duration  of  the 
TB.  Although  it  was  long  recognized  [1 1],  [18]  that  the  interac¬ 
tion  between  laser  beams  in  the  plasma  results  in  the  momentum 
transfer  to  plasma  electrons  and  ions,  most  calculations  assumed 
long  laser  beams,  in  which  case,  most  of  the  momentum  was 
transferred  to  the  ions. 

The  kinetic  modeling  presented  above  provides  the  averaged 
value  of  the  transferred  momentum  as  an  input  for  a  long-scale 
fluid  calculation.  Namely,  with  an  initial  condition  for  the  fluid 
element  velocity  =  P^/m.,  we  calculate  the  electric  field  of 
the  enhanced  wake  as 


eE, 

mcup 


{j^ 

m.c 


sina;pC 


(3) 


In  deriving  (3),  we  assumed  that  the  initial  displacement  of  the 
fluid  element  =  0-  This  is  because,  as  we  observe  from  (2), 
plasma  electrons  k  and  j  are  “clamped”  at  the  opposite  sides  of 
the  ponderomotive  period,  'i/^.  =  0  and  =  27r.  Comparison 
between  (1)  and  (3)  indicates  that  the  phase  shift  between  the 
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Fig.  2.  Average  momentum  gained  by  plasma  electrons  in  the 
ponderomotive  bucket  as  a  function  of  the  normalized  TB  duration  (jJbTl 
(horizontal  axis)  and  the  frequency  detuning  Auj/ u>b  (vertical  axis). 

regular  and  the  enhanced  wakes  is  7r/2,  just  as  observed  from 
Fig.  1(b)  and  (c).  Moreover,  changing  the  sign  of  the  frequency 
detuning  Auj  shifts  the  phase  of  the  enhanced  wake  by  vr,  in 
agreement  with  the  simulations  results  from  Fig.  1(c)  and  (d). 

To  conclude  this  section,  we  present  an  alternative  deriva¬ 
tion  of  the  enhanced  wake  in  one  dimension  that  will  be  ex¬ 
tended  to  three  dimensions  in  Section  IV.  The  electric  field  of 
the  enhanced  wake  can  be  interpreted  as  a  displacement  current. 
As  the  photons  are  exchanged  between  the  counterpropagating 
beams,  electrons,  on  average,  acquire  the  recoil  momentum  Pz 
and  produce  a  nonlinear  current  Jnl  =  -enoP^/m.  In  1-D,any 
current  flowing  through  the  plasma  must  be  balanced  by  the  dis¬ 
placement  current  [11],  [18],  Therefore,  an  electric  field  Ez  is 
produced,  satisfying  Ampeze’s  law  dEz/dt  =  —AttJz,  where 
Jz  is  the  combined  current  in  the  plasma.  Two  flows  contribute 
to  Jz :  the  linear  plasma  flow  in  the  field  of  the  enhanced  wake 
Jf  =  —enoVf,  and  the  nonlinear  (space-averaged)  flow  Jnl- 
Taking  the  time  derivative  of  Ampeze’s  law  (with  V  x  B  =  0), 
we  obtain 


Equation  (3)  for  the  enhanced  wake  can  be  recovered  from  (4) 
by  assuming  that  Jnl (C)  =  ~enoPz/mH{().  This  assumption 
is  justified  when  the  TB  duration  is  shorter  than 

III.  Snow-Plow  Acceleration:  One-Dimensional 
Calculation 

In  this  section,  we  explain  how  a  combination  of  the  pon¬ 
deromotive  force  of  a  short  laser  pulse  and  plasma  wake  can  be 


used  to  accelerate  charged  particles  to  the  velocity  exceeding 
the  group  velocity  of  a  laser  pulse  in  the  plasma.  The  original 
idea  of  using  ponderomotive  force  of  the  leading  edge  of  a  laser 
pulse  to  accelerate  a  charged  particle  (electron  or  positron)  was 
suggested  by  McKinstrie  and  Startsev  [5].  They  found  that  if 
the  particle  is  initially  ahead  (to  the  right)  of  the  laser  pulse 
moving  with  the  group  velocity  Vg  ^  f3gC,  and  its  initial  velocity 
Vo  =  Pqc  <  Vg,  if  the  intensity  of  the  laser  pulse  is  sufficiently 
high,  the  particle  can  bounce  off  the  laser  pulse,  gaining  energy 
as  the  result.  This  calculation  can  be  extended  to  the  case  of  the 
laser  pulse  moving  through  the  plasma. 

In  the  reference  frame  moving  with  Vg,  the  initial  energy-mo¬ 
mentum  of  the  particle  are  7'  =  “  ^gPo)  and  p'  = 

IgloiPo  -  /?p)-  Primed  variables  are  calculated  in  the  reference 
frame  moving  with  the  pulse.  In  the  pulse  frame,  the  particle  ve¬ 
locity  is  negative  if  in  the  laboratory  frame,  /3o  <  Pg-  However, 
if  the  pulse  is  sufficiently  intense,  the  particle  can  reflect  off  the 
pulse,  reversing  the  sign  of  its  momentum  in  the  pulse  frame. 
Transforming  back  to  the  laboratory  frame,  we  find  that,  after 
reflection,  the  final  particle  energy  is 

7/  =  707,71 +  /3.'-2/3./3o).  (5) 

The  final  energy  does  not  depend  on  the  exact  details  of  the  force 
experienced  by  the  particle:  in  one  dimension,  energy  and  mo¬ 
mentum  can  be  expressed  as  functions  of  the  interaction  poten¬ 
tial,  which  vanishes  before  and  after  the  interaction.  Therefore, 
(5)  is  simply  a  consequence  of  the  conservation  of  energy  and 
momentum. 

For  a  laser  pulse  in  vacuum,  McKinstrie  and  Startsev  found 
that  a  threshold  laser  intensity  needed  for  reflecting  an  electron 
(or  positron)  is  given  by  =  7^70(1  “  -  1-  This 

estimate  also  holds  for  a  tenuous  plasma,  provided  that  the  pulse 
is  shorter  than  Note  that  for  a  pulse  moving  with  a  speed 
of  light,  the  threshold  intensity  diverges. 

In  the  presence  of  a  dense  plasma,  the  threshold  for  electrons 
is  further  increased  because  the  ponderomotive  pressure  of  the 
laser  pulse  on  the  ambient  electron  plasma  leads  to  charge  sepa¬ 
ration.  The  resulting  electrostatic  potential  effectively  decreases 
the  ponderomotive  potential  of  the  laser  pulse  experienced  by 
the  electrons  injected  for  acceleration.  The  situation  is,  however, 
reversed  for  positrons,  as  was  pointed  out  by  Du  and  Xu  [6]. 
Moreover,  because  in  the  case  of  positrons  injected  into  elec¬ 
tron,  plasma  acceleration  is  done  directly  by  the  electric  field, 
not  by  the  ponderomotive  force,  the  laser  intensity  threshold  for 
snowplowing  positrons  remains  finite.  To  see  why  this  is  the 
case,  consider  the  1-D  equations  of  motion  for  a  particle  with 
charge  g  =  ±e  and  mass  m. 

By  conservation  of  the  transverse  canonical  momentum, 
vj_  =  -{q/e)alj,  where  7  =  (1  +  -h  and  Uz  —  7/3z- 

The  corresponding  equations  for  Uz  and  7  become 


du^  _ 

a# 

c  9|al^ 

(6) 

dt 

^  dz 

27  dz 

d'y 

cuz  1  d\a\^ 

(7) 

dt 

7  dz 

27  dt 

where  the  electric  field  is  proportional  to  the  derivative  of 
Ez  -  ~{mc^/q)d^/dz.  In  a  1-D  plasma  wake,  all  fields  are 
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functions  of  (  alone;  so  the  normalized  potential  <1  can  always 
be  introduced  as  an  integral  of  over  (. 

The  first  terms  in  the  RHS  of  (6)  and  (7),  which  describe  the 
electric  field  of  the  wake,  dominate  over  the  second  (pondero- 
motive)  terms  for  large  7.  Therefore,  in  the  remainder  of  the 
paper,  we  neglect  the  direct  ponderomotive  force.  The  oppo¬ 
site  limit  of  7^$  <  \a?\  was  taken  in  [5],  where  the  vacuum 
threshold  intensity  was  obtained.  The  complete  system  of  (6) 
and  (7),  along  with  the  Poisson’s  equation  for  $,  was  earlier 
considered  by  Sprangle  et  al  [12]. 

From  the  invariant  of  the  equations  of  motion  ~ 

7o(l  -  l^oPg)  and  7^  1  -f  (we  dropped  the  \o?\  term), 

particle  momentum  can  be  expressed  as  a  function  of  ^ 


Uz  -7^ 

l  =  l9 


MCo  -  $)  ± 

7s(Co  -  !>)  ±  pgy/'rliCo  -1)2-1 


(8) 

(9) 


where  Cq  =  7o(l  -  The  plus  (minus)  sign  corresponds 

to  a  particle  that  is  moving  faster  (slower)  than  the  laser  pulse. 
The  switching  from  minus  to  plus  signs  takes  place  when  the 
expression  under  the  square  root  vanishes.  This  happens  at  Cr, 
which  corresponds  to  $(Cr)  =  Cq  -  7“^  The  accelerating 
potential  has  to  be  larger  than  this  threshold  value  to  ensure  the 
snow-plow  acceleration.  It  can  be  shown  that  Cq  -  7“^  >  0,  so 
that  a  positive  (negative)  potential  is  required  for  accelerating 
positrons  (electrons). 

The  most  interesting  case  is  70  <  7p.  The  final  energy  of 
the  accelerated  particle  is  then  approximately  given  by  7/  = 
7^/70.  The  threshold  condition  for  snow-plow  acceleration  also 
simplifies  to  l>  >  (270) Therefore,  the  initially  fast  particles 
with  1  <  7o  7g  are  easier  to  trap  than  are  the  stationary 
ones.  The  relative  energy  boost  7//70  is,  however,  decreased  in 
the  same  proportion. 

The  relative  energy  boost  is  related  to  the  bunch  compression 
ratio.  By  conservation  of  the  longitudinal  phase  space,  I  jS'yj  = 
loS'Yo,  where  If  and  /q  are  the  final  and  initial  bunch  lengths,  and 
^7/  and  ^70  are  the  final  and  initial  energy  spreads,  respectively. 
Because  the  final  energy  scales  as  7^\  the  final  and  initial  en¬ 
ergy  spreads  are  related  through  I  ^7/ 7^70 1  =  7/ /70.  Therefore, 
both  the  energy  can  be  boosted  and  the  bunch  length  decreased 
by  a  large  factor  7^/72  if  70  <  7^. 

We  arrive  at  the  same  result  by  requiring  that  the  beam  density 
remains  unchanged  in  the  reference  frame  of  the  laser  pulse, 
where  a  particle  bunch  is  scattered  by  a  stationary  potential. 
Using  Lorenz  transformation,  the  particle  density  n'  in  the  pulse 
frame  can  be  expressed  in  terms  of  the  initial  and  final  densities 
no  and  n/,  respectively 


75^0(1  -  f^o^g)  =  n'  =  'ygUfil  ~  Pfpg).  (10) 

Therefore,  n/ /no  =  (1 -/3o/3p)/(l  “/?//?g).  This  ratio  is  equal 
to  7//70  because  the  particle  energy  in  the  primed  frame  re¬ 
mains  the  same  before  and  after  the  reflection:  7^(70  -/?gno)  = 
75(7/  “  Pg'^f)-  The  bunch  compression  ratio  I  / //q  is  then  given 
by  If/lQ  =  no/uf  =  70/7/- 

One  possible  application  of  the  snow-plow  acceleration  is 
an  injector  capable  of  accelerating  and  compressing  initially 


low-energy  long  particle  bunches.  Because  the  ability  to  in¬ 
ject  both  electrons  and  positrons  is  crucial,  such  an  injector 
should  be  able  to  produce  positive  as  well  as  negative  poten¬ 
tial  wells.  Colliding  beam  accelerator  can  accomplish  just  that 
by  adjusting  the  frequency  detuning  Alu  between  lasers.  The  ex¬ 
amples  of  the  electron  and  positron  injectors  are  shown  in  Fig. 
1(c)  and  (d),  respectively.  Note  an  important  difference  in  the 
dynamics  of  the  cold  ambient  plasma  electrons  and  the  initially 
relativistic  electrons  injected  into  the  plasma  just  ahead  of  the 
laser  pulse.  Although  the  slow  plasma  electrons  experience  the 
heatwave  of  the  counterpropagating  laser  pulses,  the  fast  elec¬ 
trons  are  barely  affected  by  the  heatwave  ponderomotive  force 
because  the  phase  velocity  of  the  heatwave  is  much  smaller  than 
the  speed  of  light. 

Let  us  calculate  the  maximum  normalized  potential  pro¬ 
duced  in  a  CBA  using  Fig.  1(c)  as  a  blueprint  for  an  electron  in¬ 
jector.  Assuming  Aa;  -ujp  and  using  (3),  obtain,  for  injected 
electrons,  l>  cOp/uJo(l  -  coscjp().  Therefore,  the  condition 
for  the  snow-plow  acceleration  becomes  2u)pju)Q  >  (270) 
or  7o  >  oJolAup,  The  presence  of  the  plasma  naturally  reduces 
the  group  velocity  of  the  laser  pulse:  7^  =  c^o/cup.  Therefore, 
if  the  initial  energy  of  the  electron  bunch  is  inside  the  interval 
ujo/Aujp  <  7o  <  CBA  can  be  used  for  snow-plow  ac- 

celeration/bunch  compression. 

To  calculate  the  interaction  distance  required  to  accomplish 
the  snow-plow  acceleration,  approximate  the  normalized  poten¬ 
tial  by  a  linear  function,  assuming  for  simplicity  that  Co  -  = 

X  —  Co(l  -  (,lTg)  -h  7~2^  where  Tg  =  'n/ujp  is  a  typical  gra¬ 
dient  scale,  approximately  set  equal  to  The  reflection  point 
Cr  =  Tg  and  the  starting  (and  final)  point  is  C  ~  0.  Expanding 
(8)  and  (9)  in  the  limit  of  ftg  1  and  using  C  -  1  - 
we  obtain  the  following  equation  of  particle  motion  relative  to 
the  moving  potential: 


which  is  solved  with  initial  condition  C(^  =  0)  =  0  (or  X  = 
Co).  The  time  it  takes  a  particle  to  reach  (.—Tg  and  return  back 
to  ^  0  is  given  by 


In  the  limit  of  7^Co  >  1,  we  find  that  -  2r^7^  To 
gain  more  physical  insight  into  this  result,  note  that  average 
acceleration  gradient  is  equal  to  the  {W)  =  mc^'yf/{ct,,c)  = 
mc^Co/{cTg),  which  is  precisely  the  magnitude  of  the  electric 
field. 

Consider  the  following  numerical  example:  plasma  with  den¬ 
sity  no  =  2.5  •  10^®  cm~^  (corresponding  to  =  20)  is 

used  as  a  medium  for  compressing  a  3.2-MeV  electron  bunch  of 
1-ps  duration.  Because  7^/70  =  10  for  this  example,  the  output 
of  such  an  injector  is  a  100-fs,  32-MeV  electron  bunch.  The  re¬ 
quired  plasma  length  is  estimated  c^ar  =  2.6  mm  by  assuming 
thatrg  =  oj-K 
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One-dimensional  treatment  of  a  snow-plow  injector  is  suffi¬ 
cient  only  to  determine  its  accelerating  properties.  A  full  3-D 
description  of  the  transverse  electric  and  magnetic  fields  of  the 
injector  is  needed  to  study  the  transverse  particle  dynamics.  It  is 
essential  that  the  accelerated  particles  are  focused  to  (or,  at  least, 
not  defocused  from)  the  laser  axis.  As  McKinstrie  and  Startsev 
point  out  in  [5],  one  of  the  limitations  of  the  direct  laser  accelera¬ 
tion  by  the  leading  edge  of  the  pulse  is  that  the  particles  are  scat¬ 
tered  off-axis,  and  a  very  wide  laser  beam  is  needed  to  prevent 
particles  from  scattering  out  of  the  beam.  The  same  drawback  is 
found  in  the  positron  injector  scheme  of  Du  and  Xu  [6],  where 
a  long  laser  pulse  is  used  to  adiabatically  produce  an 

electrostatic  potential  Because  the  shape  of  this  potential  fol¬ 
lows  the  shape  of  the  laser  intensity,  it  is  peaked  on  axis,  causing 
positrons  to  scatter  out  of  the  beam. 

Although  in  this  section  we  used  the  potential  description  of 
the  longitudinal  (accelerating)  electric  field,  this  was  only  done 
for  notational  convenience:  an  integral  $  =  [q/mc)  j  d(^Ez 
can  always  be  introduced  whether  the  electric  field  is  curl-free 
(electrostatic).  In  one  dimension,  the  E-field  is  always  curl-free, 
so  there  is  no  need  to  introduce  the  distinction  between  the  ac¬ 
tual  scalar  potential  and  the  quantity  ^  defined  above — both  are 
the  same.  If  the  electric  field  is  electrostatic  in  3-D,  and  the  ac¬ 
cessible  region  for  positrons  (electrons)  is  $  >  0(^  <  0),  parti¬ 
cles  are  going  to  be  defocused  from  the  axis  if  |  ^  |  peaks  on-axis. 
In  three  dimensions,  the  enhanced  wakefield  is  not  curl-free. 
The  full  3-D  theory  of  CBA  is  developed  in  the  next  section. 

IV.  Three-Dimensional  Theory  of  CBA 

At  the  end  of  Section  II,  we  presented  an  alternative  deriva¬ 
tion  of  the  equation  for  the  electric  field  in  a  CBA.  This  deriva¬ 
tion  was  based  on  splitting  the  total  current  J  flowing  through 
the  plasma  into  two  components:  the  linear  plasma  flow  in  the 
field  of  the  enhanced  wake  Jf  =  -enovj  and  nonlinearly  gen¬ 
erated  recoil  current  Jnl  =  -zenoP^/m,  which  is  produced 
via  the  photon  exchange  between  the  counterpropagating  laser 
beams.  Plasma  flow  velocity  iT/  satisfies  the  linearized  equation 
of  motion  dvf  /dt  =  —eE/m,  where  E  is  the  enhanced  wake 
field.  In  Section  II,  we  assumed  that  =  0,  as  appropriate  for 
a  1-D  calculation.  In  this  section,  we  keep  the  magnetic  field, 
which  is  crucial  for  determining  the  focusing/defocusing  prop¬ 
erties  of  the  enhanced  wake.  Almost-homogeneous  plasma  is 
assumed  to  avoid  the  subtleties  associated  with  the  wake  exci¬ 
tation  in  plasma  channels  [13]. 

Taking  the  curl  of  the  Lenz’s  law,  substituting  into  the  re¬ 
sulting  formula  the  time  derivative  of  the  Ampere’s  law,  and  the 
using  the  equation  of  motion  for  the  linear  plasma  flow,  we  ob¬ 
tain 

(£+‘^po)^  +  c'VxVxE  =  -47r^.  (13) 

The  density  perturbation,  related  to  E  through  the  Poisson’s 
equation,  can  be  found  by  taking  the  divergence  of  (13)  and  as¬ 
suming  that  Jnl  = 

p  ~  -  ^  f  dCsmcjjpiC  -  CO^NL-  (14) 


Electric  field  can  now  be  solved  component  by  component. 
First,  the  accelerating  field  is  obtained  by  substituting  p  into 
(13) 

(-Vi  +  fcpo)  Ez  =  -47rfc2o  /  dCcoswpiC  -  CVnl. 

J  — oo 

(15) 


For  a  wide  beam,  and  (15)  yields  the  same  expres¬ 

sion  for  Ez  as  (4).  Equation  (15)  is  identical  to  the  one  derived 
by  Keinigs  and  Jones  [14]  for  a  beam-driven  PWA  in  the  limit 
of  =  1.  The  key  difference  is  that  in  a  CBA,  the  current  Jnl, 
which  drives  the  enhanced  wake,  is  generated  through  the  inter¬ 
action  between  the  counterpropagating  laser  pulses  and  not  by 
an  external  electron  beam.  An  important  advantage  of  such  “vir¬ 
tual  beam”  is  that  it  can  carry  positive  as  well  as  negative  cur¬ 
rent  while  propagating  in  the  positive  ^-direction.  By  changing 
the  sign  of  the  frequency  detuning  between  lasers  in  a  CBA,  we 
achieve  the  same  effect  as  switching  from  electron  to  positron 
driver  in  a  PWA. 

The  transverse  component  of  the  electric  field  E_i  can  be  sim¬ 
ilarly  calculated  from  (13)  and  (14).  Using  (15),  it  can  be,  more¬ 
over,  shown  that  E±_  is  related  to  Ez  through 


(16) 


Let  us  consider  the  case  of  Ez  >  0,  which  is  peaked  on  axis, 
i.e.,  a  positron  injector.  This  corresponds  to  Aa;  >  0,  when  the 
short  pulse  photons  scatter  into  the  pump  and  deposit  positive 
momentum  into  plasma  electrons.  This  generates  an  increase 
in  electron  density  on-axis,  pulling  positrons  toward  the  axis. 
Equation  (16)  leads  to  the  same  conclusion:  Ex^y  <  0.  How¬ 
ever,  E±_  is  not  the  only  field  that  affects  the  transverse  par¬ 
ticle  dynamics.  Magnetic  field  generated  by  the  “virtual  beam” 
defocuses  relativistic  positrons.  The  equation  for  the  transverse 
wakefield  W  —  E±-\-  z  x  B  that  determines  the  transverse  dy¬ 
namics  of  ultrarelativistic  particles  is  derived  from  the  Lenz’s 
law  by  assuming  that  both  the  electric  and  magnetic  fields  de¬ 
pend  on  the  C  «  t  -  z/c 


W  = 


(17) 


Equation  (17),  which  is  the  Panowski-Wenzel  theorem,  indi¬ 
cates  that  whenever  \Ez\i^  peaked  on-axis,  the  transverse  wake 
defocuses  the  particles.  Note  that  this  conclusion  can  only  be 
drawn  for  snow-plow  acceleration,  which  takes  place  inside  the 
leading  portion  of  the  enhanced  wake  where  the  sign  of  Ez  does 
not  change.  If  we  were  to  use  the  wakefield  shown  in  Fig.  1(c) 
for  accelerating  positrons  in  the  second  half-period  of  the  wake 
(counting  from  the  head  of  the  laser  pulse),  the  integral  of  the 
gradient  of  the  accelerating  field  Ez  in  the  RHS  of  (17)  is  pos¬ 
itive,  so  that  VF  <  0  in  that  region.  If,  however,  we  were  to  use 
the  same  wake  for  snow-plow  acceleration  of  electrons  in  the 
leading  portion  of  the  wake,  the  transverse  wake  W  is  still  neg¬ 
ative,  and  electrons  are  defocused. 

It  appears  that  to  ensure  focusing  during  snow-plow  accelera¬ 
tion,  it  is  essential  to  generate  a  somewhat  unusual  accelerating 
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field  profile,  which  has  a  local  minimum  of  on-axis.  As¬ 
suming  that  the  laser  spotsize  is  much  larger  than  we  find 
that  the  transverse  profile  of  follows  the  transverse  profile 
of  Jnl  according  to  (4).  Therefore,  producing  a  local  minimum 
of  \Ez  \  requires  generating  with  a  local  minimum  on  axis. 
Such  a  current  profile  would  be  challenging  to  produce  using  a 
finite  emittance  external  beam  driver.  It  appears  that  it  can  be 
produced  in  a  CBA  if  plasma  density  has  a  minimum  on-axis 
(plasma  channel). 

To  see  this,  consider  (3)  for  E^,  which  indicates  that  for  a 
fixed  Act;,  the  magnitude  of  E^  at  a  given  ( is  proportional  to  Wp . 
Frequency  detuning  Auj  is  yet  another  knob  that  can  be  tuned  to 
maximize  current  deposition  off-axis.  We  conjecture  that  by  the 
proper  choice  of  the  plasma  channel  width,  frequency  detuning, 
and  laser  intensity,  the  desired  profile  of  E^  can  be  produced  to 
ensure  particle  focusing  during  snow-plow  acceleration.  Plasma 
channels,  which  have  been  produced  in  the  laboratory  [15],  [16], 
[19],  [20]  play  another  beneficial  role  of  guiding  the  laser  pulse 
over  extended  distances  much  larger  than  the  Rayleigh  length. 
Three-dimensional  particle  simulations  will  be  used  in  the  fu¬ 
ture  to  demonstrate  the  focusing  properties  of  the  CBA  injector. 

Another  way  of  avoiding  particle  defocusing  is  to  use  a 
hollow  plasma  channel.  As  was  demonstrated  in  earlier  publi¬ 
cations  [17],  [21],  evacuated  channels  with  plasma  outside  have 
attractive  accelerating  properties,  including  a  homogeneous 
accelerating  field  inside  the  channel.  According  to  (17),  the 
transverse  wake  vanishes  inside  the  hollow  channel.  Closely 
following  the  calculations  of  [17]  for  a  flat  plasma  channel  of 
width  b,  we  find  two  major  differences  in  the  wake  excitation 
from  that  in  a  homogeneous  plasma:  1)  the  wavelength  of  the 
plasma  wake  is  2'J^c^/T^^£^/u;po,  and  2)  the  amplitude  of 
the  wake  is  reduced  by  a  factor  from  its  value  given 

by  (3). 


V.  Conclusion 

In  this  paper,  we  presented  a  qualitative  description  of  the 
CBA  in  one  dimension,  followed  by  the  fully  3-D  calculation 
of  the  plasma  wakes  generated  by  two  counterpropagating  laser 
beams.  We  reviewed  the  earlier  ideas  of  snow-plow  acceleration 
by  the  leading  edge  of  the  laser  pulse  and  demonstrated  how  the 
concepts  of  CBA  and  snow-plow  acceleration  can  be  combined 
for  particle  injection  and  pulse  compression.  Some  of  the  limi¬ 
tations  of  the  earlier  considered  snow-plow  accelerators  are  the 
large  threshold  intensity  of  the  laser  pulse,  the  inability  to  ac¬ 
celerate  both  electrons  and  positrons,  and  the  strong  sidescatter 
of  the  accelerated  particles. 

The  suggested  approach  based  on  a  CBA  concept  gets  around 
these  drawbacks.  Laser  intensity  needed  for  snowplowing  is  re¬ 
duced  due  to  the  strong  nonlinear  interaction  among  counter- 
propagating  laser  beams.  The  sign  of  the  accelerating  poten¬ 
tial  can  be  readily  reversed  by  changing  the  frequency  detuning 
among  the  lasers,  enabling  acceleration  of  either  positive  or  neg¬ 
ative  charges.  An  example  of  bunch  compression/acceleration 
is  presented.  We  also  conjecture  that  particle  defocusing  can  be 
avoided  by  employing  a  plasma  channel.  This  idea  needs  fur¬ 
ther  investigation  using  3-D  particle  simulations.  Using  a  hollow 


plasma  channel  is  yet  another  possibility  to  avoid  particle  defo¬ 
cusing. 
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Abstract — A  photon  kinetic  formalism  is  employed  to  describe 
the  propagation  of  short  laser  pulses  in  tenuous  plasmas.  The 
photon  kinetic  theory  contains  all  of  the  ingredients  necessary  to 
describe  the  relativistic  nonlinear  optics  of  short  laser  pulses  in 
plasmas,  and  the  shortest  time  scale  is  determined  by  the  local  evo¬ 
lution  of  the  index  of  refraction.  We  use  this  feature  to  implement 
a  photon  in  cell  code,  in  which  the  typical  time  step  is  much  bigger 
than  is  the  laser  field  time  scale.  Additional  information  provided 
by  the  photon  kinetic  framework  is  illustrated  by  one-dimensional 
(1-D)  and  two-dimensional  (2-D)  simulations. 

Index  Terms — Intense  laser-plasma  interactions,  numerical  sim¬ 
ulation,  photon  kinetics. 


I.  Introduction 

IN  THE  early  days  of  quantum  mechanics,  the  intrinsically 
wave-like  nature  of  quantum  mechanics  raised  some  resis¬ 
tance,  and  several  authors  attempted  to  bridge  the  gap  between 
the  classic  picture  and  the  wave  formalism.  They  did  this  not 
only  to  build  a  more  comfortable  theory,  but  also  to  tackle  the 
problems  originating  from  the  statistical  nature  of  quantum  me¬ 
chanics.  The  most  fruitful  of  these  attempts  is  based  on  the  ideas 
pioneered  by  Wigner  [1].  Wigner  showed  that  starting  from  the 
quantum  wave  function  7/?,  it  is  possible  to  build  a  phase-space 
distribution  function  for  the  canonical  variables  position  and 
momentum,  whose  marginals  give  the  correct  description  for  the 
physically  relevant  quantity  either  in  configuration  or  in 

momentum  space.  Later,  Moyal  [2]  derived  the  transport  equa¬ 
tion  for  the  Wigner  distribution  function,  and  Leaf  [3]  extended 
the  transport  equation  for  Klein-Gordon,  and  Dirac  quantum 
fields.  From  the  statistical  quantum  field  theory  perspective,  the 
Wigner-Moyal  formalism  is  a  mature  subject  [4],  [5],  with  ap¬ 
plications  ranging  from  solid-state  physics  to  quantum  tomog¬ 
raphy. 

Recent  advances  in  the  measurement  of  ultrashort  laser  pulses 
[6],  [7]  triggered  the  resurgence  of  the  interest  in  the  phase- 
space  representation  of  classic  fields.  Tappert  and  Besieris  [8], 
[29],  [30]  first  identified  the  power  of  the  Wigner-Moyal  for¬ 
malism  to  study  classic  wave  equations,  using  phase  space  dis- 
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tribution  functions.  The  field  is  represented  by  a  Wigner  distri¬ 
bution  of  quasi-particles,  and  in  the  limit  of  short  wavelengths, 
the  transport  equation  is  formally  equivalent  to  the  Vlasov  equa¬ 
tion.  An  analogy  between  particle  dynamics  and  field  dynamics 
can  then  be  easily  established,  leading  to  new,  and  revealing, 
physical  pictures.  A  similar  formalism  has  been  employed  as  an 
extension  of  the  geometrical  optics  approximation  [9]  (for  elec¬ 
tromagnetic  wave  propagation  in  random  media),  or  as  a  gener¬ 
alization  of  weak  turbulence  theory  for  photons  [10],  [11]. 

In  this  paper,  we  employ  the  formalism  introduced  by  Tappert 
to  laser  propagation  in  underdense  plasmas,  and  we  show  that  a 
photon  kinetic  theory  provides  all  of  the  ingredients  necessary  to 
describe  the  different  stimulated  forward  scattering  instabilities. 
Based  on  the  collisionless  structure  of  the  photon  kinetic  equa¬ 
tion,  the  natural  way  to  tackle  the  numerical  simulation  of  pho¬ 
tons  is  a  particle-in-cell  (PIC)  model  [  1 2],  [  1 3].  In  this  paper,  we 
describe  how  such  a  photon-in-cell  code  works  and  present  re¬ 
sults  from  a  simple  one-dimensional  (1-D)  photon  kinetic  code 
that  includes  dispersion  and  the  relativistic  mass  correction,  but 
does  not  include  the  plasma  WAKE  response.  This  code  pro¬ 
vides  illustrative  evidence  for  the  formation  of  envelope  solitons 
as  well  as  informative  phase  space  pictures  that  characterize  this 
nonlinear  structure. 

Photon  kinetics  can  be  generalized  to  higher  dimensions,  and 
this  is  illustrated  by  analogy  between  the  Wigner  representation 
of  a  Gaussian  beam  and  the  distribution  function  of  a  particle 
beam.  The  quasi-static  code  WAKE  [14]  provides  the  ideal  set¬ 
ting  to  test  the  principles  of  photon  kinetics  in  a  plasma  in  higher 
dimensions,  because  it  is  a  two-dimensional  (2-D)  code  in  which 
the  fast  time  scale  (associated  with  the  high-frequency  laser 
field)  is  separated  for  the  slow  time  scale  (determined  by  the 
plasma  dynamics,  evolving  in  the  plasma  frequency  time  scale, 
and  the  ponderomotive  force  caused  by  gradients  in  the  slowly 
varying  laser  pulse  envelope).  We  have  written  a  code,  called 
QWAKE,  in  which  the  laser  field  evolution  of  WAKE  (obtained 
by  solving  an  extended  paraxial  wave  equation  for  the  laser  en¬ 
velope)  is  replaced  by  the  equivalent  photon  kinetics.  We  find 
excellent  agreement  between  the  two  approaches.  Furthermore, 
the  photon  distribution  function  contains  additional  informa¬ 
tion,  providing  a  clear  physical  picture  for  laser-plasma  inter¬ 
actions.  These  features  will  be  illustrated  with  2-D  slab  results 
from  QWAKE,  the  quasi-particle  version  of  WAKE.  Finally, 
the  potential  and  future  directions  for  photon  kinetic  theory  and 
simulations  will  also  be  discussed. 

II.  Photon  Kinetic  Theory 

In  order  to  build  a  kinetic  theory  for  fields  in  terms  of  quasi¬ 
particles,  it  is  necessary  to  address  two  separate  issues.  First,  a 
representation  of  the  field  in  terms  of  a  quasi-particle  distribu¬ 
tion  function  in  phase  space  has  to  be  built.  Second,  it  is  fun- 
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damental  to  understand  how  this  distribution  function  is  trans¬ 
ported.  These  questions  have  been  answered  in  a  general  way  in 
a  series  of  papers  by  Tappert  et  al  [8],  [29],  [30]. 

The  wave  equation  for  the  laser  field  vector  potential  A  in  a 
plasma  can  be  written  as 

{d't  +  A  =  0  (1) 

where  the  positive  self-adjoint  Hermitian  operator  0^  is  defined 
as 

where  ujpeO  ~  is  the  plasma  frequency,  Ueo  is 

the  background  electron  density,  Sn  =  rie/neo  is  the  normal¬ 
ized  electron  density,  and  7  is  the  relativistic  gamma  factor  of 
the  plasma  electrons.  It  is  also  assumed  that  all  of  the  fractional 
powers  of  are  defined,  as  well  as  the  positive  self-adjoint 
operators.  A  good  discussion  about  the  definition  of  fractional 
powers  for  operators  is  given  in  [15].  In  general,  the  fractional 
powers  of  operators  have  to  be  interpreted  as  an  integral  oper¬ 
ator. 

We  define  the  complex  analytic  signal  as  [8],  [29] 

The  operator  17“^  is  defined  such  that  =  1.  For  instance, 
in  vacuum  O  =  icdx^  and  0“^  =  I  dx.  The  wave  energy 
density  e^,  and  the  wave  action  density  associated  with  A, 
can  then  be  written  as 


The  classic  wave  action  is  the  classic  analog  of  the  quantum  oc¬ 
cupation  number,  thus,  the  designation  photon  number  density. 
It  is  also  possible  to  define  a  photon  current  density 

and  the  photon  energy  density  [also  determined  by  (4)] 

f  o?k 

e-^(x,  t)  =  J 

=  ^{A-n^A+\dtAf)  (9) 

where  17w(k,  x,  t)  is  the  Weyl  transform  of  the  operator  Q  [3], 
[5],  [8].  For  a  given  operator  A,  the  Weyl  transform  is  defined 
as  [3],  [5] 

Aiy(k,  x)  =  y*  (is  ^x -h  |s|A|x  -  0  exp(-27ris  •  k)  (10) 

where  [x)  are  the  eigenkets  of  the  position  operator  x\  i.e., 
:r|x)  =  x|x).  The  detailed  properties  of  the  Weyl  transform  are 
summarized  in  [5]. 

The  laser  field  is  completely  characterized  by  the  distribution 
J\f,  which  can  be  calculated  for  different  electromagnetic  field 
configurations  [16],  [17].  Furthermore,  there  is  a  one-to-one 
correspondence  between  the  distribution  J\f,  and  the  analytic 
signal  V^,  apart  from  a  constant  phase  shift  (j)Q.  Defining  the  in¬ 
verse  Fourier  transform  of  AT,  as 

/(ik 

^^^exp(-ik-x')A/'(x,k,i)  (11) 

'll;  is  determined  by 


(4) 

aj  =  •  'll).  (5) 

The  phase  space  distribution  of  the  photons  M  is  the  Wigner 
function  of  ^ 

Ar(k,  x,  f)  =  J  ds  exp{ik  •  s)ijj  ^x  —  ^ 

(6) 

The  distribution  J\f  has  the  good  properties  of  a  photon  dis¬ 
tribution  function;  i.e.,  momenta  of  the  distribution  function 
describe  observable  quantities  with  the  appropriate  physical 
meaning.  It  is  a  real-valued  function,  but  not  necessarily 
positive  everywhere.  The  photon  number  density  or, 
equivalently,  the  classic  wave  action,  which  is  equivalent  to  (5), 
is  determined  from 


J^(x/2,x,  t) 


The  phase  shift  0o  is  determined  from  the  initial  value  condi¬ 
tions,  i.e.,  —  '0(x  =  0,f  =  0)/a/^(0,  0, 0),  where  we 

have  assumed  7^(0, 0,0)  ^  0.  Other  properties  of  the  Wigner 
function  are  compiled  in  [7]. 

By  providing  an  alternative  picture  of  the  laser  field  [7],  [16], 
A/*  already  gives  additional  physical  information.  However,  the 
full  impact  of  Wigner’ s  formalism  can  only  be  achieved  if  the 
laser  field  is  replaced  by  the  photon  distribution  function,  and  if 
the  wave  equation  for  the  laser  field  is  replaced  by  a  transport 
equation  for  Af.  In  the  underdense  limit  e  =  ujpeo/^  <  1. 
Tappert  and  Besieris  [8],  [29],  [30]  showed  that  the  transport 
equation  for  Af  is 


where 


(15) 
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We  have  used  the  fact  that  in  the  underdense  limit,  flw  reduces 
to 


Neglecting  the  correction  terms  of  order  (13)  states 

photon  number  conservation  in  the  phase  space  (k,  x),  and  it  is 
formally  equivalent  to  the  Vlasov  equation.  Furthermore,  the 
second  (third)  term  on  the  LHS  of  (13)  describes  dispersion 
(photon  acceleration/transverse  focusing),  as  clearly  pictured 
by  (14)  and  (15).  Coupling  with  the  plasma  occurs  through  the 
photon  ponderomotive  force,  which  can  be  expressed  in  terms 
of  the  distribution  A/*  [17].  The  basic  ingredients  to  describe  the 
nonlinear  optics  of  plasmas  for  short  laser  pulses  at  relativistic 
intensities  [18]  are  all  contained  in  this  formalism,  and  it  is 
possible  to  rederive  all  of  the  relevant  temporal  growth  rates  for 
Raman  forward  scattering,  relativistic  self-focusing,  envelope 
self-modulation,  and  relativistic  self-phase  modulation  for 
arbitrary  laser  intensities  from  the  photon  kinetic  theory  [19]. 
The  analogy  with  particle  beams  is  also  evident:  using  the 
photon  kinetic  theory,  we  are  able  to  describe  the  laser  field 
evolution  as  an  ensemble  of  quasi-particles,  or  a  photon  beam 
[20]. 

III.  Photon  Kinetic  Simulations 

The  Vlasov-like  structure  of  the  photon  kinetic  equation  pro¬ 
vides  the  ideal  setting  to  examine  photon  dynamics  under  the 
PIC  framework  [12],  [13].  The  basic  ideas  behind  an  imple¬ 
mentation  of  a  photon  kinetic  code  are  straightforward.  First  of 
all,  it  is  necessary  to  specify  the  initial  distribution  of  photons 
from  the  initial  laser  field,  using  (3)  and  (6).  The  distribution 
of  photons  Af  is  deposited  on  the  grid  to  calculate  quantities 
relevant  to  the  photon  dynamics  (such  as  A^),  or  the  plasma 
dynamics  (the  photons’  ponderomotive  potential).  If  the  back¬ 
ground  plasma  is  allowed  to  evolve,  the  plasma  particles  are 
pushed  (under  the  Lorentz  force  from  the  self-consistent  fields, 
and  the  ponderomotive  force  of  the  photons),  and  the  self-con¬ 
sistent  fields  are  updated.  The  quantities  necessary  to  move  the 
photons  are  now  present  (namely,  the  updated  index  of  refrac¬ 
tion),  and  the  photons  are  pushed  according  to  their  equations  of 
motion  (14),  (15).  Details  of  the  numerical  implementation  of  a 
photon-in-cell  code  will  be  presented  elsewhere  [21].  Here,  we 
will  concentrate  our  discussion  on  some  of  the  qualitative  fea¬ 
tures  of  the  numerical  results,  and  the  advantages  that  photon  in 
cell  simulations  may  provide. 

A.  One-Dimensional  Relativistic  Photon  Dynamics 
Without  Plasma  Response 

The  most  simple,  and  nontrivial,  scenario  that  is  possible  to 
examine  under  the  photon  kinetic  formalism  is  the  propagation 
of  an  ultraintense  laser  beam,  including  the  relativistic  mass 
correction  nonlinearity,  but  neglecting  the  underdense  plasma 
response.  This  is  equivalent  to  setting  5n  =  1  in  (14)-(16); 
with  7  =  \/l  -f  (a  =  eA/meC^),  (1)  is  the  nonlinear 
Klein-Gordon  equation,  with  the  potential  V(a)  = 

Furthermore,  when  |a|  ^  1,  and  dispersion  effects  are  ne¬ 
glected,  the  nonlinear  Schroedinger  equation  is  obtained.  It  is 


then  expected  that  the  time  evolution  of  the  photon  beam  first 
shows  relativistic  self-phase  modulation  [18],  [22],  and  then 
evolves  to  envelope  solitons  [23],  [24].  Under  this  scenario,  we 
can  demonstrate  the  key  features  of  photon  dynamics  in  phase 
space. 

We  first  examine  relativistic  self-phase  modulation  (RSPM). 
Loading  a  uniform  monochromatic  photon  beam,  such 
that  M  =  n.^-o<^(k  —  ko),  where  n^o  =  with 

a;o  =  -h  -h  we  expect  the  maximum 

growth  rate  for  RSPM  to  occur  for  k  —  |a|u;o/\/2c  [18],  [22]. 
The  phase  space  evolution  of  the  photon  distribution  is  shown 
in  Fig.  1,  for  —  0.4,  and  =  10.  We  first  observe 

the  effect  of  photon  acceleration  at  r  =  ISO/a;^,  leading  to  a 
significant,  and  symmetric,  spread  in  k:  photon  acceleration 
generates  phase-space  shear  along  the  k  direction.  At  this  point, 
dispersion  is  not  playing  any  role,  which  means  that  the  fastest 
growing  mode  corresponds  to  the  shortest  wavenumber  allowed 
in  the  system.  As  the  wavenumber  spread  increases,  dispersion 
becomes  important  (Fig.  1  @  r  =  210/u;p:  photons  with 
higher  k  move  faster:  dispersion  generates  phase-space  shear 
along  the  x  direction).  Fast  photons  start  to  overtake  the  slow 
photons,  leading  to  photon  bunching,  which  in  turn  increases 
the  relativistic  nonlinearity,  thus,  closing  the  feedback  loop. 
However,  dispersion  is  not  symmetric  in  k  [see  (14)],  thus, 
leading  to  detuning  between  the  sidebands,  and  giving  rise  to 
an  instability  cutoff  at  —  a;o|a|/c  [18],  [22].  Large-scale 
nonlinear  structures  are  formed,  characterized  by  photon 
vortices  in  phase  space,  as  illustrated  in  Fig.  1  @  r  =  GOO/cjp, 
corresponding  to  six  e-foldings  for  the  maximum  growth  rate. 
As  the  photon  beam  evolves,  we  observe  that  the  big  beam 
breaks  apart  in  a  train  of  pulses,  i.e.,  solitons,  with  energy 
cascading  to  lower  wavenumbers.  A  typical  situation  after  a 
long  propagation  distance  is  shown  in  Fig.  2.  The  usefulness 
of  the  photon  kinetic  description  becomes  apparent.  For  long 
propagation  distances,  the  pulse  shape  of  the  individual  photon 
pulses  in  real  space  remains  almost  unaltered,  but  the  phase 
space  evolution  is  rather  complex.  The  photon  bunches  form 
vortices  in  phase  space  that  clearly  shows  that  dispersion  has 
been  compensated  by  the  nonlinearity.  The  internal  phase  space 
structure  of  one  pulse  is  characteristic  of  a  photon  shock.  The 
pulses  that  have  not  attained  a  stationary  envelope  are  still 
undergoing  relativistic  self-phase  modulation  (but  now  seeded 
by  the  pulse  envelope  gradient).  This  is  clear  for  the  last  pulse 
in  Fig.  2.  The  time  evolution  also  shows  that  some  pulses  split 
in  two.  This  is  occurring  for  pulse  3,  in  which  the  second  pulse 
is  “radiating”  outward  from  it. 

As  expected,  the  different  bunches  have  different  peak  a^; 
this  indicates  the  pulses  move  with  slightly  different  average 
velocities  (bigger  implies  faster  pulse  velocities).  Ideally,  the 
long  time  evolution  could  result  in  the  formation  of  a  train  of 
identical  photon  pulses. 

B.  QWAKE:  A  Two-Dimensional  Quasi-Static 
Photon  Kinetic  Code 

WAKE  [14]  is  a  2-D  quasi-static  PIC  code,  which  evolves 
the  laser  field  in  the  plasma  dynamical  time  scale.  The  obvious 
advantage  of  such  an  approach  is  the  possibility  to  model  ultra- 
short  intense  laser  pulse  propagation  in  underdense  plasmas  for 
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Fig.  1 .  Phase  space  evolution  of  a  photon  beam,  exhibiting  relativistic  self-phase  modulation.  Simulation  box  is  three  times  larger  than  displayed  region,  with 
300  cells,  and  2  x  10^  photons,  and  periodic  boundary  conditions. 


distances  comparable  to  typical  laboratory  experiments  length 
scales,  even  with  modest  computational  resources.  This  is  a 
critical  issue  to  the  design  of  plasma-based  accelerators  [25], 
[26].  In  WAKE  [14],  the  laser  field  evolution  is  decoupled  from 
the  plasma  self-consistent  fields,  and  because  coupling  with  the 
plasma  is  through  the  laser  ponderomotive  force,  this  code  pro¬ 
vides  the  ideal  framework  to  test  the  photon  kinetic  approach. 
In  WAKE,  the  laser  field  envelope  is  described  by  an  extended 
paraxial  wave  equation  coupled  with  the  plasma  through  the 
changes  in  the  index  of  refraction  of  the  laser  field.  In  QWAKE, 
the  laser  field  envelope  is  a  moment  of  the  photon  distribution 
function,  and  the  photon  distribution  function  evolves  according 
to  the  transport  equation  (13).  The  plasma  dynamics  is  treated  in 
the  same  way  in  both  codes:  the  plasma  particles  are  under  the 
action  of  the  laser  ponderomotive  force  and  the  plasma  self-con¬ 
sistent  fields. 

The  generalization  from  1-D  photon  kinetics  to  2-D  slab 
(or  3-D  cartesian)  is  straightforward,  only  involving  standard 
numerical  techniques  related  with  the  generalization  of  the 
photon  pusher,  and  the  photon  density  deposition  scheme. 
The  key  issue  here  is  the  determination  of  the  initial  photon 
distribution,  which  can  be  calculated  numerically  from  (6). 
However,  for  some  laser  field  configurations,  it  is  possible 


to  determine  M,  and  establish  a  close  analogy  with  particle 
beams.  For  a  monochromatic  plane  wave,  the  photon  distribu¬ 
tion  is  trivially  calculated,  corresponding  to  a  monoenergetic 
photon  beam  [16].  It  is  also  possible  to  calculate  the  photon 
distribution  for  the  fundamental  mode  of  a  Gaussian  beam 
propagating  along  2:  {z  plays  here  the  role  of  time,  and  kz,  the 
canonical  conjugate  variable  of  2:,  plays  the  role  of  a;),  given  by 
A  a  exp[«A:2X^/2i^(2^)]  exp[-Xj_/fF(2;)^]  [20] 

V(xi,ki,2r) 


(17) 


where  W{z)  =  +  is  the  beam  waist, 

a  =  kzW{z)‘^ l2R{z)  is  the  Twiss  parameter,  with 

R{z)  =  z  +  z\lz  the  Gaussian  beam  radius  of  curva¬ 
ture,  zr  is  the  Rayleigh  length,  and  Wq  is  the  minimum  spot 
size.  We  note  that  (17)  is  similar  to  a  Gaussian  distribution  of 
free-streaming  electrons  [20].  kz  does  not  appear  explicitly 
in  the  photon  distribution  because  for  a  Gaussian  beam  with 
frequency  (Jq,  kz,  and  kj.  satisfy  the  dispersion  relation 
=  (jjo  jc-  {uj^eo  +  k^c^)/2a;oc.  This  means  that  additional 
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Fig.  2.  Quasisatured  state  of  a  photon  beam:  and  photons’  phase  space  distribution  (peaks  referenced  in  the  text  from  left  to  right). 


dependence  on  is  already  included  in  (17)  through  the 
connection  between  and  k_L . 

We  have  performed  several  runs  to  benchmark  the  quasi-par¬ 
ticle  photon  kinetic  version  of  WAKE,  QWAKE,  in  2-D  slab 
geometry.  Comparable  performances  were  observed  with  the 
two  versions,  leading  to  similar  quantitative  results.  In  Fig.  3, 
we  present  a  typical  result  from  QWAKE,  portraying  the  evo¬ 
lution  of  3?  for  a  pulse  duration  r  =  20/0;^,,  and  a  spot  size 
kEo  =  56.5c/cc;p^o.  propagating  in  a  underdense  plasma  such 
that  ko/kpco  =  H,  with  =  0)  —  0.25.  The  result 

from  WAKE  for  the  same  parameters  (but  with  a  finer  trans¬ 
verse  grid)  is  presented  in  Fig.  3(c).  The  results  from  QWAKE 
and  WAKE  show  good  qualitative  agreement.  In  particular,  the 
longitudinal  profile  along  the  laser  pulse  propagation  axis  com¬ 
paring  QWAKE  and  WAKE  (Fig.  4)  shows  equivalent  qualita¬ 
tive  features,  but  small  quantitative  differences.  However,  we 
observe  that  the  QWAKE  results  are  almost  independent  of  the 
transverse  resolution,  and  the  WAKE  results  were  obtained  for 
a  very  high  transverse  resolution  run.  Furthermore,  QWAKE  is 
not  yet  optimized  for  the  photon  dynamics,  and  the  five-passage 
binomial  smoother  [13]  along  the  2:-direction  prevents  the  ob¬ 
servation  of  the  finer  details  shown  by  the  WAKE  run.  Detailed 
comparisons  between  the  two  approaches  will  be  presented  in  a 
future  publication  [21]. 


For  the  conditions  in  Fig.  4,  relativistic  self-focusing  leads 
to  intensity  enhancement  and  eventually  to  pulse  splitting  and 
pulse  compression  of  the  front  part  of  the  laser  pulse  [27].  This 
physical  interpretation  becomes  more  clear  if  additional  diag¬ 
nostics  over  the  photon  distribution  Af  are  calculated.  It  is  pos¬ 
sible  to  define  averages  over  AA,  for  a  given  observable  quantity 
/,  as 

[  dkfAf 

=  -  (18) 

/  dkAf 

in  configuration  space,  whereas  in  momentum  space 

f  d>x  fAf 

{f){k,t)  =  d- - .  (19) 

/  dxAf 

Physical  quantities  with  significant  relevance  are,  for  in¬ 
stance,  the  local  average  of  the  photons’  frequency  (a;),  and 
the  local  average  of  the  photons’  perpendicular  momentum 
(A;^).  The  first  quantity  gives  a  measure  of  the  laser  field  chirp 
and  the  effect  of  photon  acceleration.  The  second  quantity 
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Fig.  3.  from  QWAKE  and  WAKE:  (a)  Initial  ;  (b)  a^  obtained  from 
propagating  the  photon  distribution  function  after  0.04  Rayleigh  lengths;  (c) 
same  conditions  as  in  (b),  but  using  WAKE  i.e.,  solving  directly  for  the  laser 
field  wave  equation.  For  QWAKE,  the  simulation  box  is  100  cells  wide  (and  200 
cells  long),  with  2x10®  photons,  and  a  moving  window,  whereas  for  WAKE 
the  simulation  box  is  300  cells  wide  (and  200  cells  long). 
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Fig.  4.  a^  along  the  laser  propagation  axis  (ct  —  z)kp  for  the  conditions  of 
Fig.  3(a) — solid  line,  Fig.  3(c) — short  dashed  line,  and  Fig.  3(c) — long  dashed 
line. 

indicates  which  regions  of  the  laser  field  are  focusing  or 
defocusing,  depending  on  if  {k±)  is  pointing  inward,  to  the 
laser  beam  propagation  axis,  or  outward.  This  is  the  relevant 
quantity  to  examine  relativistic  self-focusing,  as  illustrated  in 
Fig.  5.  We  observe  that  the  enhanced  front  part  of  the  pulse 
is  self-focusing,  whereas  pulse  splitting  is  occurring  in  the 
defocusing  (or  diffracting)  region,  and  pulse  splitting  should 
occur  in  this  region.  These  zones  are  correlated  with  the 
appropriate  region  of  the  index  of  refraction  profile  leading  to 
focusing/defocusing. 
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Fig.  5.  Local  determined  from  the  laser  field  photon  distribution  for  the 
conditions  of  Fig.  3(b). 

IV.  Summary  and  Conclusion 

Photon  kinetic  theory  provides  a  novel  framework  for  the 
study  of  intense  electromagnetic  fields  interacting  with  under- 
dense  plasmas,  in  particular,  when  forward  scattering  instabili¬ 
ties  dominate  the  plasma  dynamics.  The  most  powerful  features 
are  its  simplicity,  the  strong  connection  with  particle  beam  dy¬ 
namics,  and  the  natural  way  in  which  broadband  and  angular 
spread  effects  can  be  included  in  the  formalism:  under  this  new 
light,  intense  laser-plasma  interactions  are  a  combination  of 
very  well-defined  physical  processes  [18],  The  perfect  setting 
for  photon  kinetic  theory  is  high  brightness,  broadband,  radi¬ 
ation-driven  plasma  instabilities,  relevant  for  inertial  confine¬ 
ment  fusion  and  astrophysics  [19]. 

The  strong  analogy  of  photon  dynamics  with  particle  dy¬ 
namics  leads  to  an  obvious  path  toward  the  numerical  realiza¬ 
tion  of  a  photon  kinetic  code.  Furthermore,  the  generalization  to 
higher  dimensions  is  easy,  only  relying  on  standard  techniques. 
Thus,  it  might  circumvent  numerical  difficulties  associated  with 
the  solution  of  the  wave  equation  in  three  dimensions,  in  re¬ 
duced  PIC  codes  [28]. 

With  a  1-D  photon  kinetic  code,  we  have  analyzed  some  of  the 
qualitative  features  of  RSFM  and  the  formation  of  envelope  soli- 
tons.  The  photon  phase  space  provides  signatures  for  these  non¬ 
linear  structures.  By  modifying  WAKE  to  evolve  a  photon  dis¬ 
tribution  coupled  with  the  plasma,  we  were  able  to  benchmark 
photon  kinetics  against  a  well-tested  code.  Excellent  qualita¬ 
tive  agreement  was  found  between  the  two  versions  of  the  code, 
and  the  similar  quantitative  results  show  that  photon  kinetics  is 
a  promising  representation  for  short  laser  pulse  propagation  in 
underdense  plasmas.  The  additional  diagnostics  associated  with 
photon  kinetics  established  clear  physical  pictures  for  previous 
analytical,  and  numerical  results  [18],  [27].  We  have  demon¬ 
strated  that  photon  kinetic  PIC  codes  include  all  of  the  funda¬ 
mental  physics,  open  the  way  to  new  photon  diagnostics,  and 
are  computationally  competitive  with  other  reduced  algorithms 
for  short-pulse  laser-plasma  interactions. 
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Study  of  Propagation  of  Ultraintense  Electromagnetic 
Wave  Through  Plasma  Using  Semi-Lagrangian 

Vlasov  Codes 

Fabien  Huot,  Alain  Ghizzo,  Pierre  Bertrand,  Eric  Sonnendriicker,  and  O.  Coulaud 


Abstract — Interaction  of  relativistically  strong  laser  pulses  with 
underdense  and  overdense  plasmas  is  investigated  by  a  semi-La- 
grangian  Vlasov  code.  These  Vlasov  simulations  revealed  a  rich 
variety  of  phenomena  associated  with  the  fast  particle  dynamics 
induced  by  the  electromagnetic  wave  as  electron  trapping,  particle 
acceleration,  and  electron  plasma  wavebreaking.  To  describe  the 
distribution  of  accelerated  particle  momenta  and  energy  will  re¬ 
quire  a  very  detailed  analysis  of  the  kinetic  and  time  history  of  the 
plasma  wave  evolution.  The  semi-Lagrangian  Vlasov  code  allows 
us  to  handle  the  interaction  of  ultrashort  electromagnetic  pulse 
with  plasma  at  strongly  relativistic  intensities  with  a  great  deal  of 
resolution  in  phase  space. 

Index  Terms — Self-induced  transparency,  semi-Lagrangian 
Vlasov  simulations. 


L  Introduction 

The  excitation  of  large  plasmas  waves,  which  presents  one 
of  the  traditional  problems  of  basic  plasma  physics,  con¬ 
tinues  to  attract  much  attention,  particularly  because  of  the  pos¬ 
sibility  of  employing  theses  waves  for  high-gradient  particle  ac¬ 
celeration.  As  with  recently  developed  pulsed  lasers,  intensi¬ 
ties  above  10^^  W/cm^  can  be  reached  and  relativistic  plasma 
wavebreaking  in  laser-plasma  interactions  can  be  now  experi¬ 
mentally  investigated.  Particularly,  one  of  the  most  interesting 
problems  in  this  domain  is  the  laser  propagation  through  over- 
dense  plasma,  in  which  the  propagation  is  classically  forbidden 
(i.e.,  plasmas  having  densities  above  Uc  =  1-1  x  10^^  cm~^, 

where  Ao  is  the  laser  wavelength  in  microns).  However,  at  very 
high  intensities,  two  penetration  mechanisms  have  been  con¬ 
sidered:  relativistic  self-induced  transparency  and  conventional 
hole  boring  or  forward  motion  of  the  critical  surface  caused  by 
the  ponderomotive  pressure.  It  is  also  convenient  to  define  the 
Lorentz  factor  of  an  oscillatoring  electron  in  the  laser  field  by 
lo  =  \/l  +  aLc>  with  =  (posc/rac)^  =  /A2/(1.368  x 
10^®),  where  I  is  the  laser  intensity  in  Wcm“^.  Obviously,  from 
this  expression,  increasing  intensities  lead  to  the  relativistic  in¬ 
crease  of  the  electron  inertia  and  the  associated  decrease  of  the 
effective  plasma  frequency.  Therefore,  wave  propagation  in  ho¬ 
mogeneous  plasma  with  densities  up  to  Ue  =  ^ric  is  allowed.  It 
occurs  only  above  an  intensity  such  that  Uosc  ^  rieluc^ 
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Plasma  codes  now  have  a  long  history  since  the  first  calcula¬ 
tions  were  performed  in  the  late  1950s.  The  history  provides  an 
interesting  illustration  of  the  subtle  influences  and  connections 
between  the  state  of  the  theory,  the  “fashionable”  problems, 
and  the  power  of  the  available  computers.  Two  main  classes 
of  plasma  simulation  algorithms  exist.  “Particle”  models  rep¬ 
resent  the  plasma  by  a  large  number  of  computational  particles, 
which  move  according  to  classic  mechanics  in  the  self-consis¬ 
tent  electromagnetic  fields.  “Vlasov”  codes  begin  with  the  ki¬ 
netic  equation  governing  the  distribution  function  /(r,  v,  t). 
The  question  can  be  raised  of  the  possible  use  between  these 
two  complementary  methods.  A  simple  calculation  delineates 
clearly  the  problem.  An  electrostatic  plasma  of  length  L  al¬ 
lows  {L/XdY  collective  modes  (Ad  being  the  Debye  length), 
whereas  the  importance  of  the  individual  effects  is  given  by  n  A|j 
(n  being  the  particle  density).  The  number  of  particles  Apart  “ 
nL^  =  nA|,(L/AD)^  =  5“^(L/Ad)^,  where  =  nA^  is 
the  graininess  parameter  (with  the  dimension  d  =  3  here).  In 
fusion  and  space  plasma,  nA^  is  of  order  of  10^  - 10^,  whereas 
L/Xd  ~  10^  -  10“^.  Obviously,  we  cannot  treat  10^®  particles 
because  Apart  =  '^^d{^/Xd)^  (this  number  corresponds  to 
L/Xd  =  10^  and  nX^  —  10®).  It  was  consequently  realized 
quickly  that  a  numerical  solution  of  the  Vlasov  equation,  which 
is  based  on  the  limit  g~^  -foo  (if  d  =  3),  was  a  more  appro¬ 
priate  approach.  Indeed,  the  Vlasov  approach  allows  the  correct 
treatment  of  the  purely  collective  plasma  by  introducing  a  phase 
space,  i.e.,  a  product  of  the  configuration  space  by  the  velocity 
space.  A  sampling  of  this  phase  space  for  a  plasma  of  dimen¬ 
sion  d(d=  1,  2,  3)  and  length  L  requires  {L/Xd^N!^  points, 
in  which  is  the  number  of  points  needed  in  each  velocity 
component  for  a  precise  description  of  the  density  distribution 
/(r,  V,  t).  By  considering  that  the  numerical  effort  to  treat  one 
particle  or  one  mesh  point  is  similar,  the  ratio  of  the  numerical 
efforts  of  a  Vlasov  code  to  a  Particle-In-Cell  (PIC)  code  is  then 
Aviasov /Apart  =  Typically,  Ny  is  close  to  100.  Conse¬ 
quently,  the  effort  is 


d  =  l 

11 

to 

CO 

II 

1 

o 

1-H 

II 
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102 
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g  =  10-8 

1 

O 

10-2 

1 

Although  these  numbers  must  be  considered  with  caution, 
they  give  the  general  ideas  for  deciding  the  use  of  particle  or 
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Vlasov-Eulerian  (or  semi-Lagrangian)  code.  In  some  cases, 
we  can  take  g  —  10"^  to  study  basic  phenomena.  For  one-di¬ 
mensional  (1-D)  plasma,  the  efforts  are  equivalent,  and  in  this 
case,  the  Vlasov  code  must  be  preferred  because  of  the  high 
accuracy  of  the  distribution  function  in  phase  space  afforded 
by  the  model.  In  two-dimensional  (2-D)  and  three-dimensional 
(3-D)  cases,  the  Vlasov  code  is  too  expensive.  However,  cases 
exist  in  which  kinetic  effects  in  phase  space  are  important, 
in  particular,  in  the  interaction  wave-particle  that  requires  a 
smaller  value  of  the  graininess  parameter;  today,  the  power  of 
the  parallel  computer  allows  us  to  begin  to  treat  2-D  plasma 
using  the  Vlasov  code.  In  the  3-D  case,  the  treatment  of  kinetic 
effects  could  be  investigated  by  both  methods  but  only  for 
g  “  10“^  and  L/Xd  =  1000,  i.e.,  using  10^^  particles  or  grid 
points,  which  is  not  available  today.  Thus,  fully  3-D  plasma 
will  for  a  long  time  be  described  by  PIC  codes. 

Several  numerical  simulations  on  the  laser-plasma  interac¬ 
tion  have  been  performed  to  investigate  the  details  of  the  plasma 
wave-trapping  dynamics  responsible  for  the  acceleration  of 
electrons.  However,  these  simulations  [l]-[3],  employing  as 
they  do  the  well-known  (macro-)  PIC  technique,  have  difficulty 
in  supplying  a  usefully  precise  description  of  the  electron 
acceleration  process.  If  three  space  dimension  is  involved,  only 
PIC  code  is  practicable  so  far.  However,  when  one  dimension 
will  do  (or  two  dimensions  with  the  recent  occurring  of  parallel 
computers),  the  semi-Lagrangian  Vlasov  codes  (referred  as 
SLV  codes;  see  [4]-[7])  (where  we  calculate  the  Vlasov  fluid 
density  in  phase  space  without  the  use  of  simulation  macropar¬ 
ticles)  have  been  found  to  be  a  powerful  tool  for  studying  in 
detail  the  particle  acceleration  dynamics  both  in  a  conveniently 
short  but  idealized  periodic  plasma  and  in  the  more  realistic 
long,  open  system  with  external  sources,  which  we  characterize 
as  “causal”.  The  two  methods  of  simulation  are  complementary. 
Roughly  speaking,  PIC  codes  are  relatively  efficient  and  readily 
scalable  to  three  dimensions,  but  theses  codes  are  noisy  and 
lack  detail  in  low-density  regions  of  phase  space  because  of  the 
“graininess”  of  the  simulation  macroparticles.  In  one  or  two 
degrees  of  freedom,  the  semi-Lagrangian  method  is  usually 
comparable  in  computer  loading,  is  noiseless,  and  is  much 
easier  to  realize  in  massively  parallel  computers  because  of  the 
Eulerian  character  of  the  distribution  function  .  We  present  here 
some  examples  of  the  use  of  a  semi-Lagrangian  Vlasov  code. 

An  outline  of  the  paper  is  as  follows.  Numerical  simulations 
are  first  presented  in  Section  II,  for  simplicity,  in  the  case  of  a 
1-D  plasma  using  periodic  boundary  conditions  in  the  case  of 
the  interaction  of  a  circularly  polarized  electromagnetic  wave. 
We  use  this  SLV  phase  space  resolution  to  describe  in  detail  the 
wave-particle  interaction,  and  we  make  a  comparison  with  the 
analytical  value  of  the  growth  rate  of  the  instability  in  the  rel¬ 
ativistic  regime.  Features  of  trapping  dynamics  are  considered 
in  detail  in  Section  III,  including  phase  space  density  structures 
and  separatrices.  Then,  this  work  on  the  spatially  periodic  case 
is  intended  as  preparation  for  the  application  of  similar  analysis 
techniques  to  the  simulations  of  the  more  realistic  causal  case 
(of  an  inhomogeneous  plasma),  in  which  spatial  periodicity  no 
longer  applies.  In  this  latter  case,  propagation  of  a  relativistically 
strong  laser  pulse  in  a  moderately  overdense  plasma  is  studied 
using  1-D  and  1-D  1/2  SLV  codes,  and  the  results  are  presented 


in  Section  IV.  Finally,  in  vSection  V,  we  present  the  major  con¬ 
clusion. 


II.  Numerical  1-D  Periodic  SLV  Simulation  of  the 
Relativistic  Plasma  Instability  Induced  by  an 
Ultraintense  Laser  Pulse 

In  the  fully  relativistic  regime,  perturbation  theory  cannot  be 
used  to  take  into  account  nonlinearities  of  the  primary  wave 
(thus,  the  case  of  an  electromagnetic  wave  with  linear  polariza¬ 
tion  is  more  complicated  with  periodic  boundary  conditions).  In 
order  to  overcome  this  difficulty,  the  nonlinear  electromagnetic 
wave  is  assumed  to  be  circularly  polarized.  It  is  well  known  that 
for  such  a  polarization,  the  amplitudes  of  the  electric  field  and 
the  electron  quiver  velocity  remain  constant.  We  start  from  the 
1-D  relativistic  Vlasov  model 
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where  7  =  (1  -f-  is  the  Lorentz  factor 

and  a{x,  t)  =  (cA(.r,  f^/nic)  is  the  normalized  amplitude  of 
the  potential  vector  A  =  (0,  Ay,  A^).  The  Vlasov  equation  is 
coupled  with  Maxwell’s  equations 
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The  components  of  the  potential  vector  are  then  computed  using 
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The  longitudinal  component  of  the  electric  field  is  obtained  by 
solving  Poisson’s  equation 


dE:,. 

dx 


c. 

=  —  (n,.(.'r,  t)  -  Hi). 
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Equations  (1),  (7),  and  (8),  together  with  the  usual  1-D  (.7;) 
Maxwell  equations,  make  up  the  systems  of  equations  used 
here  and  correspond  to  an  exact  class  of  solutions  of  the  Vlasov 
equation  by  considering  Dirac  distribution  in  the  transverse 
directions  py  and  /u.  The  details  of  the  way  in  which  the  equa¬ 
tions  are  advanced  and  the  boundary  conditions  are  imposed 
have  been  extensively  described  elsewhere  (see  [5]  and  [8]), 
but  nonetheless,  we  find  it  useful  here  to  recapitulate  some 
of  the  discussion  of  boundary  conditions  for  the  initial-value 
space  periodic  case. 
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Although  the  demanding  causal  simulations  are  necessary  to 
understanding  realistic  cases,  theses  simulations  are  also  dif¬ 
ficult  to  analyze  in  detail,  sufficient  to  gain  even  qualitative 
physical  understanding.  One  of  the  difficulties  is  that  even  the 
simplest  cases  of  a  plasma  wave  (say,  with  the  generation  of 
a  plasma  wave  with  a  given  wavenumber)  involve  the  growth 
of  the  harmonic  modes,  involving  several  plasma  waves  in  the 
system,  loading  to  a  more  complicated  structure  in  phase  space. 
To  assist  in  the  development  and  testing  new  computational 
models,  the  much  more  limited  and  less-demanding  spatially  pe¬ 
riodic  simulations  of  evolution  from  an  initial  state  can  be  very 
useful,  because  now  we  need  to  consider  the  behavior  in  time 
only  of  the  discrete  spatial  Fourier  modes,  allowing  direct  com¬ 
parison  with  the  theoretical  estimates  of  growth  rates  of  the  in¬ 
stability  in  the  strong  relativistic  regime.  Clearly,  a  periodic  sim¬ 
ulation  will  be  significantly  less  demanding  than  a  fully  causal 
simulation  only  if  the  spatial  period  (the  largest  spatial  wave¬ 
length)  is  much  less  than  the  size  of  the  calculation  length  in 
a  fully  spatiotemporally  causal  calculation  of  useful  size.  This 
smaller  spatial  period  necessarily  means  a  coarsening  of  the  al¬ 
lowed  wave- vector  spectrum. 

We  start  with  an  initial  homogeneous  Maxwellian  distribu¬ 
tion  function  with  a  temperature  =  3  keV,  without  pertur¬ 
bation  term.  The  initial  large  amplitude  pump  wave  {ojo,  K) 
is  taken  as  E  =  (0,  Eo  cos  koX^  Eo  sin  kox).  (cjo,  ko)  sat¬ 
isfy  the  relativistic  dispersion  relation  of  circularly  polar¬ 
ized  waves  uj^  ~  ^l/lo  +  with  the  Lorentz  factor 
given  by  7^  =  1  -h  Choosing  koc/up  ~  l/y/2  and 
ttosc  =  V3  (which  corresponds  to  an  irradiation  of  /  = 
8,  20  10^®  Wcm“^  for  an  electromagnetic  wavelengh  of 
1  //m),  we  obtain  Uo  =  ojp  (i.e.,  a  ratio  of  the  electron 
plasma  density  to  the  critical  density  of  Ue/nc  =  1  or 
'^e/lo'^c  —  0.50).  By  solving  the  dispersion  relation  in  the 
case  of  a  cold  plasma,  the  growth  rate  of  the  relativistic  para¬ 
metric  instability,  induced  by  a  high-intensity  pump  wave,  can 
be  evaluated  as  a  function  of  the  wavenumber;  the  result  is 
shown  in  Fig.  1.  We  see  clearly  that  the  most  unstable  mode  is 
located  at  kclu)p  =  1.40  and  corresponds  to  a  growth  rate  of 
^lu)p  0.409.  The  choice  of  ko{-=/S.k  =  27r/I/  =  1/v^)  in 
effect  determines  the  box  length  L  in  terms  of  c/ujp.  The  cor¬ 
responding  plasma  wave  is  then  kec/ujp  —  2Ak.  In  Fig.  2,  we 
have  plotted  the  time  evolution  of  the  most  unstable  plasma 
mode  (mode  2)  on  a  logarithmic  scale;  the  curve  indicates  a 
growth  rate  around  of  7num/^^p  0.406  in  good  agreement 
with  the  expected  value  predicted  by  the  linear  theory. 

III.  Accelerated  Particles  Dynamics 

In  an  earlier  paper  dealing  with  an  open  “causal”  system 
[4]  (see  also  [5]),  we  have  shown  that  the  SLV  code  is  able 
to  give  strikingly  clear  pictures  of  the  phase  space  dynamics, 
showing  impressive  correlation  with  simple  orbit  theory  for 
steady  waves.  In  this  section,  the  model  is  extended  to  take  into 
account  the  ponderomotive  term  in  the  calculus  of  the  trapped 
orbit  trajectory,  i.e.,  the  separatrix  of  particles  (as  computed 
from  the  potential  ^  and  the  vector  potential  A  given  by  the 
code).  We  write  the  potential  energy  and  the  vector  potential  as 
a  function  of  the  new  variable  x'  —  'y^{x  -  v^t),  being  the 


fc/co^ 

Fig.  1.  Growth  rate  of  the  relativistic  parametric  instability  7/^0?^  induced 
by  an  ultra  intense  circularly  polarized  electromagnetic  wave  versus  the 
wavenumber  A:c/wp.  The  parameters  are  Oosc  =  “s/S  and  We/rtc  =  1-  We 
see  clearly  that  the  most  unstable  mode  is  located  at  kcfujp  —  1.40  and 
corresponds  to  a  growth  rate  of  'y/ojp  =  0.409. 


Mode  plasma 


Fig.  2.  Time  evolution  of  the  most  unstable  plasma  mode  (mode  2Ak)  on  a 
logarithmic  scale:  The  curve  indicates  a  numerical  growth  rate  7num/t^p  ^ 
0.406  in  good  agreement  with  the  expected  theoretical  value. 
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CJp.t=  77.22 


cjp.t=  78,21 
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Fig.  3.  Phase  space  representation  of  the  electron  distribution  function  in  the  case  of  the  relativistic  electron  parametric  instability  with  r/osc  =  \/3  and  — 

1.  We  have  superimposed  the  scparatices  calculated  through  the  electromagnetic  fields  given  by  the  SLV  code.  We  can  sec  a  very  striking  agreement  between  the 
separatrix  and  the  particle  orbits.  A  particle  trapping/detrapping  process  gives  rise  to  a  more  complicated  structure  in  phase  space  at  the  end  of  the  simulation. 


plasma  wave  phase  velocity  and  7^^  =  (1  + 
being  the  Lorentz  factor  evaluated  at  point  .7;'  =  ,7/^  and 
0,0  —  eA{x'^) /rnc.  The  motion  of  a  test  particle  is  obtained 
from  the  Hamiltonian  in  the  laboratory  frame 


with 


H  —  e^{x^)  +  mc^7 


7  = 


pI 


(10) 


In  the  moving  frame  x'  —  7(^(.t  —  we  can  write  a  new 
Hamiltonian  which  is  now  a  constant  of  the  motion.  We 
have 


1/2 


H'  -  e$(.T')  +  mc^ 

In  the  following,  we  use  dimensionless  quantities  ^  =  xup/c, 
=  Pxlmx.,  r  =  tujp,  (j)  = 


and  h  =  H/rnc^.  We  have 
h' 


—  =  (j)(x/)  +  \/l  -f  0,2  +  7/2 

7v> 


P^u. 


m?(P 


(11) 


(13) 
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83.16  cjp.t=  84.15 


Fig.  3.  ( Continued.)  Phase  space  representation  of  the  electron  distribution  function  in  the  case  of  the  relativistic  electron  parametric  instability  with  ctosc  “  \/3 

and  n  e  /  Uc  =  1 .  We  have  superimposed  the  separatices  calculated  through  the  electromagnetic  fields  given  by  the  SLV  code.  We  can  see  a  very  striking  agreement 
between  the  separatrix  and  the  particle  orbits.  A  particle  trapping/detrapping  process  gives  rise  to  a  more  complicated  structure  in  phase  space  at  the  end  of  the 
simulation. 


To  find  the  values  on  the  marginally  trapped  orbits  (“the  sep¬ 
aratrix”),  we  notice  that  the  fixed  points  of  h'  lie  at  ^  and 
u  =  together  with  (jy  —  and  7  —  7(^.  At  these 

fixed  points,  h'  takes  on  the  separatrix  value  /i',.  We  have 


1  -{■  V?  0?  — 

=  K/l^P  =  +w2  +a2  _ 


If  <  h'g,  the  particle  is  trapped;  if  h'  >  it  is  not  trapped. 
Combining  (13)  and  (14),  the  equation  for  the  marginally 
trapped  orbit  can  be  written  in  the  following  form: 


1  +  .,2 


72 


-  2l3pU  -  ^  + 


) 


+  1 


+  a^  - 


'  + 


1  + 


=  0 


(14) 


(15) 
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Fig.  3.  (Continued.)  Phase  space  representation  of  the  electron  distribution  function  in  the  case  of  the  relativistic  electron  parametric  instability  with  a  OSC  - 

and  n-efne  =  1.  We  have  superimposed  the  separatices  calculated  through  the  electromagnetic  fields  given  by  the  SLV  code.  We  can  sec  a  very  striking  agreement 
between  the  separatrix  and  the  particle  orbits.  A  particle  trapping/detrapping  process  gives  rise  to  a  more  complicated  structure  in  phase  space  at  the  end  of  the 
simulation. 


which  allows  the  determination  of  the  separatrix  from  code 
values  (j)  and  a.  The  variable  is  determined  by  considering 
the  maxima  of  the  function 

G{o  =  ci>+  yr+^. 

In  Fig.  3,  we  present  the  separatrices  calculated  in  this  way 
from  the  simulation  electromagnetic  field  superimposed  on  the 
accurate  phase  space  representation  afforded  by  the  SLV  code. 
Here,  gray  shading  has  been  used  to  indicate  the  relative  values 


of  the  normalized  phase  space  density  between  0.001  and  0.3. 
We  can  see  a  good  agreement  between  the  separatrix  and  the 
electron  distribution  function,  although  the  dependence  of  the 
function  on  the  coordinate  x-v^t  is  more  complex  at  the  plasma 
wavebreaking.  Although  this  comparison  must  be  considered 
with  caution,  it  gives  the  general  view  of  the  trapped  particle 
dynamics.  The  use  of  separatrices  calculated  directly  by  the  data 
of  the  electromagnetic  fields  seen  by  particles  gives  new  insight 
into  the  accelerated  particle  behavior.  The  separatrix  amplitude 
oscillates  rapidly  in  time,  showing  that  the  trapping  process  is 
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Fig.  4.  Display  of  the  growth  rate  of  the  electron  relativistic  instability  for 
Uelric  =  0.58  and  Uosc  =  1  as  a  function  of  the  wavenumber  kclu)p.  We 
have  superimposed  on  the  curve  the  numerical  values  given  by  the  SLV  model. 

not  adiabatic  and  the  particle  trapping-detrapping  cycles  seen  in 
the  electron  distribution  function  behavior  can  be  well  explained 
using  this  representation. 

The  complex  structures  (arms  and  spirals)  inside  the  separa- 
trices  implicitly  reflect  the  history  of  the  particles  trapped  as  the 
wave  built  up.  The  simple  spiral  structure  inside  the  trapping 
limit  in  the  early  frames  clearly  reflects  the  rapid  increase  fol¬ 
lowed  by  the  decrease  in  wave  energy.  At  the  frame  tujp  «  83, 
the  amplitude  of  the  field  (including  plasma  wave  and  pondero- 
motive  effect)  is  near  its  maximum,  with  a  maximum  separatrix 
momentum  (near  xUp/cvdAut  of  3)  of  1.90  times  me.  After  the 
longitudinal  force  maximum  is  reached,  the  marginally  trapped 
particles  now  begin  to  detrap,  as  evidenced  by  the  fact  they  are 
now  outside  the  upper  wave  separatrix  boundaries  (i.e.,  on  the 
far  side  for  each  separatrix  from  the  wave  momentum  value). 
This  detrapping,  which  can  be  easily  foreseen  becomes  mani¬ 
fest  as  the  particles  approach  the  separatrix  X  points,  located  at 
xujp/c  —  2.  These  electrons  (forming  the  spiral  structure)  are 
now  free  to  ride  on  the  top  of  the  waves.  At  time  tujp  ^  86,  the 
field  is  at  its  minimum  level  and  the  spirals  of  the  vortices  are 
clearly  outside  the  separatrix  boundaries.  This  fast  folding/de¬ 
trapping  evolution  continues  in  frames  tojp  94,  leading  to 
more  complexity  in  phase  space  but  little  change  in  momentum. 

To  show  the  importance  of  the  choice  of  the  plasma  box,  we 
did  a  second  simulation,  but  for  a  longer  plasma,  which  exhibits 
at  the  beginning  of  the  evolution  {tojp  84),  16  vortices  (with 
a  phase  space  sampling  of  x  Np^  =  2048  x  256  grid  points, 
i.e.,  524288  “particles.”  The  following  parameters  are  used: 
pump  wave  frequency  ujo  —  1.306  u)p,  (corresponding  to  a  ratio 
of  the  electron  density  to  the  critical  density  of  n^lric  —  0.58), 


84.00 
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4  r . 


-2 


-4  . . . . . . . 
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Fig.  5.  Phase  space  representation  of  the  electron  distribution  function  at  the 
beginning  of  the  instability.  The  curve  corresponds  at  time  tio-p  =84  and  gives 
more  insight  into  the  particle  acceleration  process.  A  local  plasma  wavebreaking 
scenario  can  be  seen  at  c  «  25. 

ttosc  =  1,  and  koc/ujp  =  1.  The  fundamental  wavenumber  is 
Akc/ojp  =  27rc/Lujp  ~  0.1,  which  determines  the  plasma 
length  LijOp/c  —  20?:.  The  most  unstable  plasma  mode  can 
be  obtained  by  determining  the  growth  rate  of  the  relativistic 
parametric  instability,  as  can  be  seen  in  Fig.  4,  which  gives  a 
wavenumber  kc/wp  ^1.6  (i.e.,  a  plasma  Fourier  mode  number 
of  16).  We  have  then  superimposed  on  the  theoretical  curve  ob¬ 
tained  directly  by  solving  the  dispersion  relation  the  numerical 
values  obtained  by  the  SLV  code.  The  agreement  is  particularly 
good,  which  validates  our  numerical  model.  The  corresponding 
phase  space  representation  of  the  electron  distribution  function 
is  shown  in  Figs.  5-7  at  the  corresponding  times  toop  ^  84, 
90,  and  108.  In  the  strongly  nonlinear  regime  of  the  instability, 
the  wave-particle  interactions  are  important,  which  make  the 
simple  orbit  theory  approach  difficult  because  of  the  presence 
of  several  plasma  modes  in  the  plasma.  Fig.  5  gives  more  in¬ 
sight  into  the  particle  acceleration  process  at  the  beginning  of 
the  instability.  It  is  interesting  to  mention  that  the  fast  elec¬ 
tron  dynamics  in  phase  space  is  the  result  of  a  more  complex 
mixing  of  several  plasma  modes  (from  mode  8-24).  The  elec¬ 
tron  phase  space  is  strongly  modulated  and  shows  another  re¬ 
gion  containing  fast  electrons  located  at  xojpjc  —  25-30,  cor¬ 
roborating  a  local  plasma  wavebreaking  scenario.  Figs.  6  and 
7  display  the  phase  space  representation  at  two  different  times 
tojp  —  90  and  108  during  the  plasma  evolution.  It  is  clear  that 
to  understand  the  instability  mechanism  induced  by  the  elec¬ 
tromagnetic  wave  will  require  a  very  detailed  analysis  of  the 
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Fig.  6.  Corresponding  phase  space  behavior  at  time  =  90.  The  phase  Fig.  7.  Corresponding  phase  space  representation  at  later  time  tu:,,  =  108.  A 
space  vortices  became  more  and  more  complex  because  of  the  presence  of  multiple  “trapping/detrapping”  process  leads  to  the  heating  of  the  plasma, 
several  plasma  modes. 


kinetics  and  time  history  of  the  accelerated  particles.  The  SLV 
code  allows  us  to  follow  exactly  the  evolution  of  these  acceler¬ 
ated  particles,  and  the  use  of  separatrices  (in  a  simplest  case)  al¬ 
lows  us  to  analyze  in  detail  the  wave-particle  interaction.  We  see 
indeed  that  the  phase  space  structures  (at  time  tujp  —  108)  that 
characterize  the  plasma  response  caused  by  the  injection  of  the 
electromagnetic  wave  become  more  and  more  complex.  In  the 
region  of  an  intense  plasma  field,  the  potential  (and  then  the  sep¬ 
aratrices  orbit)  is  rapidly  varying  in  space  and  time,  leading  to 
multiple  reorganizations  of  the  accelerated  particle  population 
(trapping/untrapping  processes),  leading  to  a  “heating”  process 
of  the  particles  in  the  bulk  of  the  plasma.  Finally,  obtaining 
these  insights  into  this  detailed  behavior  was  only  possible  with 
the  SLV  code,  which  can  provide  a  great  deal  of  resolution  in 
phase  space.  This  work  on  a  spatially  periodic  case  is  intended 
as  preparation  for  the  application  of  similar  analysis  techniques 
of  the  simulations  of  the  more  realistic  causal  case  in  which  spa¬ 
tial  periodicity  no  longer  applies. 

IV.  Study  of  Laser  Penetration  in  Overdense  Plasma 
AT  Relativistic  Intensities 

It  is  known  that  a  high-frequency  electromagnetic  wave  with 
frequency  less  than  the  electron  plasma  wave  (cj^  <  ujp)  cannot 
propagate  in  a  plasma.  But  if  the  intensity  of  the  electromag¬ 
netic  field  is  sufficiently  high,  to  make  electrons  relativistic,  the 
cutoff  frequency  ujp  is  modified  because  of  relativistic  effects. 
The  initial  condition  previously  studied  in  Section  III,  which 
corresponds  to  an  electromagnetic  wave  occupying  uniformly 


the  whole  plasma,  is  rather  unrealistic  in  that  case  because,  in  a 
practical  experiment,  the  laser  light  is  incident  on  a  performed 
plasma  or  on  a  solid  target  (however,  we  can  note  that  the  pe¬ 
riodic  case  allows  us  to  characterize  the  nature  of  the  solution 
for  overdense  plasmas  in  the  case  of  the  relativistic  parametric 
instability).  In  the  following,  we  suppose  that  the  plasma  is 
inhomogeneous,  and  we  take  into  account  the  propagation  of 
the  electromagnetic  wave.  A  comparison  between  a  1-D  model 
(with  two  phase  space  variables  x  —  p^r  plus  a  cold  description 
in  the  perpendicular  momentum  direction)  and  a  full  1-D  1/2 
model  (using  now  ;r.  pj.  and  the  kinetic  momentum  component 
Py)  has  been  investigated  in  the  ca.se  of  a  linearly  polarized  elec¬ 
tromagnetic  wave  to  analyze  the  influence  of  the  perpendicular 
temperature. 


A.  Numerical  Results  Using  a  1-D  SLV  Code 

First,  let  us  recall  briefly  the  main  features  of  the  1-D  electro¬ 
magnetic  Vlasov-Max  well  code.  The  plasma  can  be  described 
by  the  usual  Vlasov  equation  for  the  electron  distribution  func- 
tion  /(.r.  t) 


df  ^  V.  Of  ( 

H - -7^ - h  f:  I  £,r  + 

at  rnrf  ax  V 


Py{X,t.)BA  Of 


with  the  Lorentz  factor  given  by 


/,) 


In  the  transverse  py,  we  have  assumed  a  fluid  description. 
Defining  Py  as  the  fluid  transverse  momentum,  we  have  then 


=  eEy. 
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Fig.  8.  (a)  Display  of  the  relativistic  density  p  =  J  dp^  f/^  obtained  from  the 

SLV  code  versus  the  space  at  time  tcop  =  80 .  The  curve  exhibits  a  strong  peak 
in  the  profile  as  a  result  of  a  plasma  wavebreaking  scenario,  (b)  Corresponding 
longitudinal  electric  field  behavior  at  the  same  time. 

In  our  simulations,  a  laser  pulse  propagating  in  the  a^-direction 
and  polarized  in  the  y-direction  is  normally  incident  on  an  in¬ 
homogeneous  density  profile  of  2.60  /um  thick,  followed  by  a 
uniform  plasma  of  length  4  fj^m  (4Ao,  with  a  pump  wavelength 
of  Ao  =  1  /xm).  For  the  simulations  presented  here,  the  ions 
form  initially  an  immobile  background  with  steep  gradient  in 
density,  and  the  electron  density  is  ng  =  l.Sng.  The  irradiation 
is  /  =  4.10  X  10^®  Wcm“^,  which  corresponds  to  a  normal¬ 
ized  quiver  momentum  of  aosc  =  and  the  relativistic  factor 
in  vacuum  is  then  7^  ==  ^/TT~a^  =  2,  leading  to  Ue/'yo'f^c  = 
0.75.  The  phase  space  sampling  is  x  Np^  —  4096  x  385,  i.e., 
1.576.960  “particles”  or  grid  points.  We  use  in  the  calculation  a 
time  step  Atcup  =  0.041,  and  the  plasma  length  is  Lcup/c  86. 

The  aim  of  the  present  section  is  to  investigate  the  interac¬ 
tion  of  a  relativistically  strong  laser  pulse  with  an  overdense 
plasma.  The  interest  of  this  work  stems  from  the  fact,  although 
the  interaction  between  a  laser  pulse  and  a  plasma  has  been 
widely  studied  using  Eulerian- Vlasov  codes  for  moderate  in¬ 
tensities  [4]  and  [9],  and  for  high-frequency  electromagnetic 
waves  [6],  [10]-[12],  new  physical  phenomena  involving  the 
pulse  absorption  and  the  penetration  of  the  electromagnetic  en¬ 
ergy  in  the  plasma  are  found  in  the  case  of  relativistically  strong 
laser  pulses.  These  phenomena  include  wavebreaking  and  the 
resulting  acceleration  of  electrons  previously  observed  in  nu¬ 


X(Op/c 


jc 


Fig.  9.  (a)  Electromagnetic  wave  part  E~  =  Ey  —  cBz  propagating 

in  the  backward  direction  at  the  same  time  tUp  =  80.  (b)  Corresponding 
electromagnetic  field  E+  =  Ey  cB^  propagating  in  the  forward  direction. 
We  have  superimposed  on  the  curves  the  relativistic  density  profile  p.  We  see 
clearly  the  reflection  of  the  electromagnetic  wave  in  the  plasma  and  the  strong 
absorption  of  the  pump  energy  to  plasma. 


merical  simulations  using  PIC  codes  (see,  for  instance,  [3]  and 
[14]). 

Fig.  8(a)  displays  the  relativistic  density  p(x,  t)  — 
f  dpxfi^i  Px^  ^)/7  obtained  from  the  SLV  code  as  a  func¬ 
tion  of  the  space  at  time  tojp  ~  80.  The  curve  exhibits  the 
appearance  of  a  strong  peak  as  the  result  of  the  laser-matter 
interaction.  This  agrees  with  the  longitudinal  plasma  wave¬ 
breaking  scenario.  Fig.  8(b)  shows  at  the  same  time  the 
corresponding  longitudinal  electric  field  The  strong  os¬ 
cillatory  electric  field  (plus  the  ponderomotive  field)  that  is 
excited  at  the  plasma  boundary  (because  of  the  strong  nonuni¬ 
formity)  gives  rise  to  a  strong  particle  acceleration  process.  The 
maximum  of  the  electric  field  is  eExImujpC  0.50.  At  the 
front  wave,  there  is  a  strong  discontinuity  in  the  density  profile 
(located  at  xujplc  ^  45)  caused  by  the  relativistic  nature  of 
the  wave.  The  discontinuity  acts  as  a  mirror  for  the  incoming 
laser  light,  which  is  reflected  (with  a  Doppler  shift).  Fig.  9(a) 
shows  the  quantity  E~{x^t)  =  Ey  —  cB^  (which  describes 
the  electromagnetic  wave  part  propagating  in  the  backward 
direction),  as  a  function  of  space  xujpjc  at  the  same  time.  We 
have  superimposed  the  electron  density  profile  of  Fig.  8(a) 
onto  the  same  curve.  Fig.  9(b)  shows  the  electromagnetic  value 
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Fig.  10.  Phase  space  representation  of  the  electron  distribution  function  at  time  fujp  =  80  in  the  case  of  the  electron  relativistic  parametric  instability  in  an 
overdense  plasma  with  Vrl ffc  =  l--^0  and  —  \/3.  The  plot  exhibits  clearly  a  strong  particle  trapping  at  .r^'p/c  ~  45  as  a  result  of  a  plasma  wavebreaking 
scenario. 


E'^  ~  Ey  that  propagates  in  the  forward  direction  +.7:. 

We  see  clearly  the  reflection  of  the  electromagnetic  wave  in 
plasma.  We  interpret  it  because  of  the  Doppler  effect  produced 
by  a  reflecting  charge  sheet,  formed  in  a  narrow  region  at 
the  plasma  boundary,  oscillating  under  the  action  of  the  laser 
pulse.  The  ratio  of  the  reflected  wavenumber  kp  to  the  incident 
wavenumber  kj  is  found  numerically  close  to  kp/ki  ^  0.68. 
These  curves  also  exhibit  a  strong  absorption  of  the  incident 
pump  wave  energy  to  plasma.  The  behavior  of  the  electron 


distribution  in  phase  space  at  the  beginning  of  the  parametric 
instability  is  presented  in  Fig.  10  at  time  tcOj,  =  80.  The 
figure  shows  clearly  the  mechanism  of  plasma  wavebreaking 
located  at  xujy/c  45.  giving  rise  to  a  strong  particle  trapping 
process  of  the  whole  distribution  function.  This  acceleration 
mechanism  corresponds  exactly  to  the  electron  density  peak 
observed  in  Fig.  8(a).  Fig.  1 1  shows  the  behavior  of  the  plasma 
at  later  time  ^  130.  The  interaction  of  the  laser  pulse  with 
a  sharp-boundary  plasma  leads  to  the  “vacuum  heating”  of  the 
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Fig.  11.  Corresponding  electron  phase  space  at  later  time  =  130.  The  laser-plasma  interaction  gives  rise  to  the  expulsion  into  the  vacuum  region  of  part  of 
fast  electrons  leading  to  strong  absorption  of  the  electromagnetic  wave. 


electrons  proposed  by  Brunei  [15],  i.e.,  to  the  expulsion  from 
the  plasma  into  the  vacuum  region  of  part  of  fast  electrons, 
which  leads  to  strong  absorption  of  the  electromagnetic  radi¬ 
ation,  We  see  also  the  propagation  of  a  fast  particle  inside  the 
plasma. 

A  second  numerical  simulation  has  been  performed  in  the 
case  of  a  quiver  momentum  ttosc  =  (corresponding  to  an 
irradiation  of  1.09  x  10^^  Wcm“^  and  to  a  relativistic  factor 
in  vacuum  of  7o  =  3,  i.e.,  to  a  ratio  —  0.50)  to  ana¬ 

lyze  the  penetration  of  the  ultra  intense  laser  pulse  in  the  over- 


dense  plasma.  Fig.  12  shows  that  the  wave  propagation  in  in¬ 
homogeneous  plasma  with  density  up  to  rzg  —  7^0  is  allowed. 
Fig.  12(a)  displays  the  electron  density  profile  at  time  tUp  ^ 
130  (we  have  also  plotted  the  initial  profile  density  in  dashed 
lines),  and  Fig.  12(b)  corresponds  to  the  longitudinal  electric 
field  eEx/mcUpC  plotted  at  the  same  time.  The  numerical  simu¬ 
lation  shows  the  penetration  process  in  which  the  wave  is  pen¬ 
etrating  by  induced  transparency  inside  the  overdense  plasma, 
leading  to  the  growth  of  the  longitudinal  electric  field  with  a 
maximum  amplitude  of  eExImupC  «  0.90.  Fig.  13  displays 
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Fig.  1 2.  (a)  Electron  density  profile  versus  position  .r^'p/r  at  time  =  130 

for  parameters  77,;///,;  =  1.50  and //osc  =  \/8.  The  dashed  lines  indicate  the 
initial  density  profile,  (b)  Corresponding  longitudinal  electric  tick!  cE,,. I n)u^'i,r 
versus  the  position. 


Fig.  13.  Electromagnetic  field  contribution:  backward-propagating  part  E~ 
is  shown  in  (a),  whereas  the  forward-propagating  part  E'^'  is  shown  in  (b).  The 
curves  exhibit  the  compression  of  the  plasma  critical  density  interface,  pushed 
by  the  relativistic  laser  pulse  and  the  total  reflection  of  the  wave  at  the  interface. 


the  electromagnetic  fields  E~{x^  t)  in  Fig.  13(a)  and  the  corre¬ 
sponding  field  E'^  in  Fig.  1 3(b)  at  the  same  time  fevp  ^  130.  The 
dashed  lines  indicate  the  corresponding  electron  density  profile 
at  this  step  of  the  evolution.  The  transverse  electric  field  first 
propagates  through  the  overdense  plasma.  In  this  mechanism, 
the  plasma  critical-density  interface  is  pushed  forward  by  the 
ultra  intense  laser  light  and  propagates  inside  the  target.  Fresh 
particles  at  the  interface  with  the  laser  pulse  are  then  pushed  and 
accelerated.  We  see  clearly  the  absorption  of  the  forward-propa¬ 
gating  wave  at  the  wavefront  and  the  total  reflection  of  the  elec¬ 
tromagnetic  wave  on  the  interface.  In  the  penetration  zone,  a 
large  longitudinal  electric  field  is  generated  [Fig.  12(b)J  and  a 
strong  particle  trapping  takes  place  near  the  critical  interface, 
as  illustrated  in  Fig.  14,  which  shows  the  electron  distribution 
function  in  phase  space.  In  this  context,  in  which  a  variety  of 
physical  effects  can  possibly  be  involved  in  the  overdense  pene¬ 
tration  process,  it  is  particularly  important  to  study  carefully  the 
propagation  through  a  moderately  overdense  system,  with  par¬ 
ticular  attention  given  to  the  electron  dynamics  in  phase  space. 


the  cold  fluid  description  using  a  Dirac  S{py  —  Py{x,  t))  dis¬ 
tribution.  This  has  been  greatly  facilitated  by  the  Eulerian  char¬ 
acter  of  the  SLV  model  (because  we  treat  a  distribution  func¬ 
tion),  which  allows  us  to  use  an  exact  solution  in  the  form  of 
a  Dirac  distribution  (which  corresponds  to  taking  one  particle 
in  the  ;;jy-direction).  In  the  1-D  1/2  SLV  model,  we  integrate 
numerically  the  Vlasov  equation,  including  now  the  py  kinetic 
variable,  i.e., 


dt  rnj  Ox 

+  e  ^Ey  - 


+  e( 

E,  + 

V 

r/7.7 

PxB~ 

11 

m7 

K 

dpx 


(18) 


with  the  corresponding  Lorentz  factor  now  given  by 


5.  Numerical  Comparison  Using  a  1-D  1/2  SLV  Code. 

In  the  precedent  section,  the  transverse  kinetic  treatment  of 
the  distribution  function  (in  the  py  direction)  was  replaced  by 


The  sampling  of  the  phase  space  used  here  is  x  Np^,  x  Np^^  ~ 
1024  X  128  X  64,  i.e.,  8.388.608.  “particles”  or  grid  points,  and 
we  keep  the  same  parameters  previously  used  in  Section  IV-A, 
i.e.,  11^. /Uf.  =  1.50  and  =  \/3.  The  numerical  integration  of 
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Fig.  14.  Typical  electron  distribution  function  in  phase  space  for  the  same 
parameters  as  in  Fig.  12.  The  curves  exhibit  a  strong  particle  trapping  located 
near  the  plasma  critical-density  interface  and  the  “vacuum  heating,”  i.e.,  the 
emission  of  plasma  electrons  in  vacuum. 
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Fig.  15.  x—p^,  phase  space  plot  of  the  distribution  function  at  time  =  130 
using  a  1-D  1/2  SLV  model  with  kinetic  treatment  along  the  -direction.  The 
numerical  result  seems  to  account  rather  well  with  the  complex  behavior  met  in 
Fig.  1 1  in  the  1-D  SLV  model. 


(18)  is  obtained  by  using  a  well-known  fractional  step  or  split¬ 
ting  scheme.  The  Vlasov  equation  is  then  split  into  parts.  First, 
we  solve 


df  _  0 

dt  mj  dx 


(20) 


corresponding  to  an  advection  in  the  real  space  x,  and  second: 


dt 


-fe 


PyBz 

m7 


apx  \  m-y  J 


df 

^  =  0  (21) 
dpy 


i.e.,  a  2-D  advection  in  momentum  space.  The  main  drawback 
of  Lagrangian  schemes  is  that  a  regular  mesh  rapidly  distorts, 
losing  discretization  accuracy.  Semi-Lagrangian  schemes  com¬ 
bine  the  regular  mesh  of  an  Eulerian  scheme  with  the  uncon¬ 
ditional  stability  of  a  Lagrangian  scheme.  They  build  value  of 
a  regular  mesh  points  x  at  time  t  by  running  a  Lagrangian  tra¬ 
jectory  backward  from  (a;,  t)  to  some  new  point  in  phase  space 
using  the  characteristic  of  the  Vlasov  equation.  For  example, 
in  the  treatment  of  (20),  the  exact  solution  is  then  given  by 
fiso,  Px,  tn+1  =  (n  +  l)At)  =  f{x  -  {p^lm'y)At,  p^,  tn). 
The  regular  aspect  of  the  distribution  function  is  achieved  by 
using  a  different  set  of  “particles”  at  each  time  step,  the  set  of 


particles  being  chosen  such  that  they  arrive  exactly  at  the  points 
of  a  regular  Cartesian  mesh  at  the  end  of  the  time  step.  The 
characteristics  of  the  Vlasov  equation  are  then  needed  to  com¬ 
pute  the  trajectories  of  particles  and  the  shifts  in  the  x-direc- 
tion.  Thus,  this  semi-Lagrangian  scheme  needs  only  to  trans¬ 
port  the  /-evaluation  from  x  to  x  ~  Px^t/m^  either  by  ad¬ 
vection  or  interpolation  from  grid  values.  Cubic  spline  inter¬ 
polation  appears  to  be  a  good  compromise  between  accuracy 
and  cost  (linear  interpolation  is  too  dissipative  to  be  used).  A 
similar  method  based  on  integration  along  characteristic  in  mo¬ 
mentum  space  and  2-D  B-spline  interpolation  is  used  for  the 
numerical  integration  of  (21).  In  Figs.  15-17,  the  results  of  the 
computer  simulation  are  shown  for  the  linearly  polarized  wave. 
Fig.  15  displays  the  x  —  Px  phase  space  representation  at  time 
tojp  =  130,  whereas  Figs.  16  and  17  show,  respectively,  the  cor¬ 
responding  X  —  py  and  Px  ”  Py  representation  of  the  distribution 
function  at  the  same  time.  We  have  added  the  time  tijjp  =  125 
in  Fig.  17.  The  particle  dynamics  in  phase  space  calculated  by 
using  the  1-D  1/2  SLV  model,  which  takes  into  account  a  ki¬ 
netic  transverse  description  for  the  py  variable  seems  to  account 
rather  well  with  the  complex  behavior  seen  in  the  1-D  version 
previously  shown  in  Fig.  11.  Fig.  16  exhibits  a  strong  modu¬ 
lation  of  the  electron  distribution  function  in  the  x  —  Py  phase 
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Fig.  1 6.  x—py  phase  space  repre.sentation  afforded  by  the  I -D  1/2  SLV  model 
at  time  tujp  =  130,  which  characterizes  the  transverse  motion  of  particles  in 
the  electromagnetic  field  of  the  laser  pulse.  Note  that  the  distribution  remains 
“cold”  during  the  time  evolution. 
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Fig.  17.  Pj  —  Py  momentum  representation  of  the  electron  distribution 
function  at  two  times  ~  125  and  =  130.  The  parameters  of  the 
simulation  are  Vr/j^r  =  1.50  and  a^sc  =  \/3. 


space  plane,  induced  by  the  strongly  relativistic  quiver  velocity 
of  particles.  As  shown  in  Figs.  16  and  17,  a  trapping  mecha¬ 
nism  of  fast  particles  accompanies  the  penetration  front  as  it 
moves  inward.  Finally,  Fig.  17  displays  the  distribution  function 
in  the  -  Py  momentum  space.  Owing  to  the  very  good  reso¬ 
lution  in  phase  space  afforded  by  the  SLV  model,  we  can  begin 
to  understand  much  of  the  details  of  the  interaction.  In  keeping 
with  the  discussion  of  Fig.  15,  showing  at  xuoy/c  ^  50  a  strong 
particle  trapping  followed  by  particle  acceleration  of  the  whole 
electron  distribution  (a  sign  of  plasma  wavebreaking  process), 
we  see  a  strong  modulation  of  the  distribution  function  near  the 
critical  plasma-density  interface  caused  by  the  strongly  trans¬ 
verse  electric  field  (induced  by  the  relativistic  quiver  velocity 
of  particle).  In  spite  of  the  strong  modulation  of  the  distribution 
function  (induced  by  the  ultra  intense  laser  pulse),  the  distri¬ 
bution  remains  cold  during  the  instability  process.  The  x  ~  py 
phase  space  representation  characterizes  the  transverse  motion 
of  electrons  in  the  electromagnetic  field  of  the  laser  pulse.  Fur¬ 
ther  details  of  the  plasma  particle  dynamics  are  illustrated  by 
the  plotting  the  p^.,  —  py  momentum  space  (by  integrating  the 
distribution  function  over  the  .r-coordinate).  We  see  that  the  be¬ 
havior  of  the  whole  distribution  function  is  not  symmetric  in 
the  Pa; -coordinate  space,  which  seems  to  indicate  that  the  mech¬ 


anism  induced  by  the  relativistic  parametric  instability  does  not 
lead  to  the  usual  heating  of  plasma,  but  to  a  final  state  as  the 
result  of  trapping  processes,  with  modification  of  the  electron 
distribution  function  only  in  the  positive  momentum  space. 

V.  Conclusion 

A  new  semi-Lagrangian  scheme  has  been  assembled  to  simu¬ 
late  the  interaction  of  an  ultraintense  electromagnetic  wave  with 
a  plasma.  We  have  begun  to  investigate  the  relativistic  para¬ 
metric  instability  induced  by  a  strongly  relativistic  pump  wave 
in  a  periodic  plasma!  The  numerical  results,  in  particular,  the 
growth  rates  estimated  by  our  SLV  model,  are  found  in  good 
agreement  with  the  theoretical  values  predicted  by  the  model  of 
Guerin  et  al.  [1].  The  interaction  of  intense  laser  radiation  with 
underdense  as  well  as  overdense  plasmas  is  well  understood  for 
fairly  long  pulses  and  of  moderate  intensities.  However,  the  in¬ 
vestigation  of  the  interaction  of  an  ultrashort  and  ultraintense 
pulse  highlights  new  physical  proces.ses.  The  SLV  code  may  be 
a  good  candidate  to  explore  and  understand  these  processes  in¬ 
duced  by  the  laser-plasma  interaction  in  a  strongly  relativistic 
regime.  It  is  clear  that  describing  the  population  of  trapped  and 
accelerated  particles  will  require  a  very  detailed  analysis  of  the 
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kinetics  and  time  history  of  the  plasma  wave  evolution.  This 
work  on  a  causal  and  1-D  system  is  intended  a  preparation 
for  the  application  of  similar  analysis  techniques  ic  the  simula¬ 
tions  of  the  more  realistic  2-D  causal  case  in  which  filamentation 
takes  place.  In  the  latter  case,  we  cannot  use  a  1-D  plasma,  but 
we  must  consider  transverse  spatial  effects.  This  work  is  now  in 
hand,  and  the  results  should  be  reported  in  due  course. 
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A  Ponderomotive  Guiding  Center  Particle-in-Cell 
Code  for  Efficient  Modeling  of  Laser-Plasma 

Interactions 
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Abstract — A  novel  particle  simulation  code  is  described  that 
self-consistently  models  certain  classes  of  laser-plasma  inter¬ 
actions  without  resolving  the  optical  cycles  of  the  laser.  This  is 
accomplished  by  separating  the  electromagnetic  field  into  a  laser 
component  and  a  wake  component.  Although  the  wake  component 
is  treated  as  in  a  fully  explicit  particle-in-cell  (PIC)  code,  the  laser 
component  is  treated  in  the  high-frequency  limit,  which  allows 
the  optica]  cycles  to  be  averaged  out.  This  leads  to  enormous 
reductions  in  computer  time  when  the  laser  frequency  is  much 
greater  than  all  other  frequencies  of  interest. 

This  work  is  an  extension  of  the  work  of  Mora  and  Antonsen,  Jr. 
[1],  [2],  who  derived  the  time-averaged  equations  coupling  the  laser 
with  the  particles  and  developed  a  code  to  solve  these  equations  in 
the  quasi-static  limit.  The  code  presented  here  is  distinguished  by 
the  fact  that  it  is  useful  when  the  plasma  length  is  much  less  than 
the  laser  pulse  length.  Also,  it  is  already  parallelized  and  should  be 
straightforward  to  extend  to  three  dimensions. 

Index  Terms — Particle  code,  plasma  simulation. 


1.  Introduction 

The  physics  of  nonlinear  laser-plasma  interactions  is  di¬ 
rectly  relevant  to  a  number  of  applications,  including  laser 
fusion  [3]-[5],  plasma  based  accelerators  [6],  and  advanced  ra¬ 
diation  sources  [7],  [8].  The  complexity  of  these  systems  has  led 
many  researchers  to  make  heavy  use  of  computer  modeling  to 
predict  their  behavior.  The  most  accurate  of  such  models  is  prob¬ 
ably  the  particle-in-cell,  or  “PIC”  code.  A  PIC  code  self-consis¬ 
tently  calculates  the  motions  of  a  large  number  of  charged  par¬ 
ticles  and  the  fields  they  produce.  The  drawback  of  such  a  code 
is  that  it  requires  enormous  computing  resources  to  run.  This 
problem  becomes  particularly  acute  with  regard  to  laser-plasma 
interactions  because  resolving  the  high-frequency  laser  field  re¬ 
quires  a  large  number  of  simulation  cycles. 

Various  attempts  to  overcome  this  difficulty  have  been  made. 
The  simplest  was  to  prescribe  a  nonevolving  laser  field  and  su¬ 
perimpose  its  ponderomotive  force  over  the  self-consistent  force 
on  a  particle  [9].  Because  the  ponderomotive  force  varies  slowly 
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on  the  timescale  of  the  laser  frequency  (a;o),  only  the  plasma 
frequency  (a;^)  had  to  be  resolved  and  an  (u^o/^^/O^-fold  in¬ 
crease  in  the  speed  of  the  simulation  was  obtained.  The  problem 
with  this  approach  is  that  the  laser  radiation  is  not  allowed  to 
evolve.  Processes  such  as  self-focusing  and  stimulated  Raman 
scattering  (SRS)  are  therefore  excluded  from  the  model. 

A  more  sophisticated  solution,  from  Mora  and  Antonsen,  Jr. 
[2],  was  to  derive  a  self-consistent  description  of  the  interac¬ 
tion  between  the  particles  and  the  laser  field  in  terms  of  only  the 
slowly  varying  laser  envelope  and  the  associated  ponderomo¬ 
tive  force.  In  this  way,  a  factor  {uo^lujyY  performance  increase 
was  obtained  while  still  allowing  the  laser  pulse  to  evolve.  The 
code,  called  WAKE,  has  been  successfully  used  to  model  the 
self-modulation  and  self-focusing  of  an  intense  laser  pulse  in  a 
plasma.  Some  of  the  limitations  of  WAKE  are  as  follows.  First, 
it  uses  the  quasi-static  approximation  [10]  to  solve  for  the  par¬ 
ticle  motions  and  the  plasma  fields.  This  implies  that  high-en¬ 
ergy  particles  may  not  be  modeled  accurately.  Second,  because 
the  model  equations  were  expressed  in  terms  of  laser  coordi¬ 
nates  —  t  —  x/c.T  ~  t),  the  code  automatically  does  all  of 
its  calculations  in  a  window  moving  with  the  laser  pulse.  Al¬ 
though  this  is  exactly  what  is  desired  in  some  cases,  it  is  not 
desirable  in  others.  Finally,  because  of  the  structure  of  the  code, 
it  is  difficult  to  parallelize. 

In  this  paper,  we  describe  a  new  parallel  code  called  tur- 
boWAVE  that  solves  Maxwell’s  equations  for  the  plasma  fields 
and  the  Mora  and  Antonsen,  Jr.  equations  for  the  la.ser  fields. 
The  turbo  WAVE  algorithm  is  based  largely  on  the  Los  Alamos 
code  WAVE  [II],  which  has  been  well  tested  over  the  years.  Al¬ 
though  turboWAVE  and  WAVE  are  close  algorithmically,  pro- 
gramatically  turboWAVE  is  an  entirely  new  object-oriented  C-E-i- 
code. 

The  distinction  between  turboWAVE  and  WAKE  can  be  un¬ 
derstood  as  follows.  In  both  codes,  the  cell  size  must  be  small 
enough  to  resolve  the  nonlinear  wake.  In  turboWAVE,  this  im¬ 
plies  that  the  timestep  must  be  small  enough  to  resolve  a  plasma 
period  in  order  to  satisfy  the  Courant  condition.  In  WAKE,  on 
the  other  hand,  the  quasi-static  assumption  is  made  and  only  the 
laser  evolution  time  needs  to  be  resolved.  However,  the  box  size 
has  to  be  larger  than  the  laser  pulse  length  because  the  calcu¬ 
lation  is  done  in  the  laser  frame.  By  contrast,  turboWAVE  al¬ 
lows  a  laser  to  be  injected  into  a  stationary  box  that  is  much 
shorter  than  the  laser.  This  is  advantageous,  for  example,  when 
modeling  heatwave  acceleration  experiments.  In  addition,  the 
removal  of  the  quasi-static  approximation  allows  turboWAVE 
to  model  the  acceleration  of  charged  particles  to  high  energies, 
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provided  the  accelerated  particles  are  not  affected  too  strongly 
by  the  laser  fields. 

At  present,  turboWAVE  has  the  following  features  and  limi¬ 
tations. 


ward  propagating,  the  evolution  of  the  laser  envelope  a  is  ap¬ 
proximated  by 

{Ax  —  2iu)dr  +  2dr{)(i  —  — (2) 


1)  It  solves  for  high-frequency  fields  and  their  effects  on 
particles  using  a  time-averaged  model  that  can  lead  to 
much  shorter  simulation  times  than  those  obtained  using 
an  ordinary  PIC  code. 

2)  In  terms  of  push  time  per  particle  per  timestep,  it  runs 
roughly  a  factor  of  two  slower  than  other  PIC  codes  be¬ 
cause  of  the  complexity  of  the  algorithm. 

3)  It  functions  as  a  fully  explicit  two-dimensional  (2-D)  PIC 
code  when  the  laser  fields  are  zero. 

4)  It  operates  on  a  2-D  cartesian  grid  only. 

5)  It  is  parallelized  via  the  message  passing  interface  (MPI) 
and  one-dimensional  (1-D)  domain  decomposition. 

6)  It  offers  a  moving  window  option, 

7)  It  models  tunneling  ionization. 

In  what  follows,  we  outline  the  algorithms  used  to  realize  these 
features  and  present  preliminary  results  from  the  code.  Further 
details  will  be  presented  in  another  paper. 


II.  Mathematical  Description  of  the  Algorithm 

TurboWAVE  is  based  on  the  proposition  that  the  electromag¬ 
netic  field  can  be  divided  into  two  parts:  a  “laser”  field  and  a 
“wake”  field.  The  laser  field  is  characterized  by  two  require¬ 
ments.  First,  a  typical  charged  particle  should  move  through  a 
large  amount  of  optical  phase  before  the  field  strength  changes. 
Second,  the  laser  energy  should  be  confined  to  a  small  region  of 
fc-space  far  from  the  origin.  The  whole  electromagnetic  field, 
expressed  using  the  normalized  units  typical  of  simulation 
codes,  is  determined  by  the  wave  equation 

(A  -  dtt){A  +  a)  =  -  J  -  j  -t-  Vdt(t> 


where  a  represents  the  laser  component  of  the  field  and  A  repre¬ 
sents  the  wake  component.  Correspondingly,  the  current  density 
is  decomposed  into  a  rapidly  varying  component  associated  with 
the  laser,  j,  and  a  slowly  varying  component  associated  with  the 
wake,  J.  The  rapidly  varying  current  is  defined  as  that  which 
would  be  driven  by  the  laser  if  the  spot  size  was  infinite 


j 


EQiPi 
rui  ‘ 


Here,  the  sum  is  over  the  particles,  pi  is  the  distribution  of  charge 
density  for  the  ith  particle,  Qi  is  the  charge,  and  rrii  is  the  rela¬ 
tivistic  mass.  The  laser  field  is  then  defined  by  some  initial  con¬ 
dition,  along  with 

(A-Stt)a--j.  (1) 


Now,  consider  a  particular  component  of  the  laser  field  ex¬ 
pressed  in  the  form 

a  =  +  cc 

where  ^  =  uj{t  -  x)  and  u;  is  the  laser  frequency.  Mora  and 
Antonsen,  Jr.,  showed  [2]  that  if  the  radiation  is  dominantly  for¬ 


where  ^  —  x  -  r  ~  Ax  is  the  transverse  Laplacian,  and 

EQiPi 

(m)  =  ^mg  +  p2  + 

Here,  mo  is  the  rest  mass  and  P  is  the  momentum  induced  by 
the  wake.  Thus,  the  particles  couple  to  the  laser  through  the 
parameter  x,  which  depends  on  the  charge  density  p  and  the 
average  relativistic  mass  (m) . 

TurboWAVE  models  the  wake  fields  using  the  same  algo¬ 
rithm  as  WAVE.  In  particular,  the  potentials  are  updated  ac¬ 
cording  to 

{A-dtt)A  =  -3-\-VG{V^3) 

0  =  -Gp^ 

where  G  represents  a  Poisson  solver.  The  use  of  dt4>  =  G(V  •  J) 
ensures  charge  conservation.  The  electric  field  E  and  magnetic 
field  B  are  found  from  E  =  —dtA  —  and  B  =  V  x  A.  The 
exact  differencing  scheme  involves  various  subtle  smoothing 
operations,  which  we  will  not  discuss  here. 

The  coupling  between  the  laser  and  the  wake  takes  place 
through  the  intermediary  of  the  particles.  This  is  expressed  by 
the  momentum  equation  [2] 

dfF  =  g(E-fvxB  -  i  j\v|a|^ 

V  4(m) 

Here,  E  and  B  are  the  fields  associated  with  the  wake  potentials 
A  and  The  term  involving  a  represents  the  ponderomotive 
force  due  to  the  laser.  This  expression  is  accurate,  provided  the 
particles  move  through  a  large  number  of  optical  cycles  before 
the  laser  intensity  changes  significantly.  Once  the  particle  states 
are  updated,  the  source  terms  p,  J,  and  x  can  be  updated.  These 
are  then  used  to  update  E,  B,  and  a,  so  that  the  process  can  start 
over.  Taking  a  =  0,  this  reduces  to  the  usual  cycle  of  a  PIC  code. 

III.  The  Laser  Field  Solver 

In  solving  numerically  for  the  laser  fields,  we  approximate 
(2),  which  can  be  written  as 

( 1  -  dra  =  ■^{xa  +  Ara)  ■ 

\  luj  J  2iuj 

Multiplying  both  sides  by  l-b  and  transforming  to  ordi¬ 

nary  coordinates  using  dr  ~  dt-\-  dx  and  d^  =  dx,  we  obtain 

{dx  +  Ot)a  =  fl-f  {xa  +  Axa)  (3) 

22UJ  \  lU  J 

where  a  term  of  order  1  /uP  has  been  dropped  from  the  left-hand 
side.  The  effect  of  this  term  is  to  reduce  the  axial  group  velocity 
of  waves  propagating  at  an  angle  to  the  axis.  It  can  be  neglected 
in  the  case  of  forward  or  near-forward  Raman  scattering,  but 
could  be  important  for  Raman  sidescatter. 
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We  use  Crank-Nicholson  to  solve  (3)  stably.  In  particular, 
the  terms  dta  and  ATO>/2iu}  are  evaluated  using  data  from 
timesteps  n  -  1  and  n  + 1 ,  whereas  all  other  terms  are  evaluated 
at  timestep  n. 

IV.  The  Pusher 

Turbo  WAVE  uses  a  modified  version  of  the  Boris  pusher  [12]. 
At  timestep  n,  we  regard  as  known  , 

^n+i/2^  a"-V2^  and  a"+'/2.  This  gives  E’' ,  B" ,  and  F"  = 
V|a"T  in  straightforward  way.  However,  to  advance  P  in  a 
manner  accurate  to  second  order  in  the  timestep  requires  knowl¬ 
edge  of  mP .  An  implicit  equation  for  ???/'  is 


VI.  Moving  Window 

We  have  implemented  a  moving  window  option  using  a 
technique  similar  to  that  of  PEGASUS  [14].  However,  in 
turboWAVE,  boundary  conditions  are  difficult  because  in  the 
Coulomb  gauge,  neither  A  nor  (/>  are  causal  quantities.  A  tem¬ 
porary  solution  has  been  to  use  the  open  boundary  conditions 
for  the  Poisson  solver,  and  to  obtain  a  boundary  condition  for 
Ay  by  requiring 

Ey  ^  -diAy  -  dy(f)  ^  0 

at  the  front  of  the  window.  The  boundary  condition  for  A^.  is 
then  found  from  the  gauge  condition 


p7,-l/2 


which  can  be  solved  using  the  quadratic  formula.  The  mo¬ 
mentum  is  then  updated  using 


pn+l/2  =  ^  I  _ 


where 

1=  ( r/E"  -  At. 

V  4  TO"  J 

and  R  is  an  operator  that  rotates  a  vector  about  the  magnetic 
field  by  an  angle 


d^rA^r  +  dyAy  -  0. 


This  technique  assumes  that  all  charges  are  neutralized  by  the 
time  they  pass  through  the  rear  boundary  of  the  window.  It  is 
desirable,  therefore,  to  leave  a  large  space  between  the  rear  of 
the  laser  pulse  and  the  rear  of  the  window. 

Although  we  have  not  yet  implemented  it,  there  is  a  way  of 
rigorously  computing  the  potentials  in  the  moving  window  even 
for  V  •  A  =  0.  The  method  is  an  interesting  study  in  causality.  It 
accounts  for  sources  behind  the  window  without  any  knowledge 
of  their  motions.  In  the  Appendices,  we  show  that  the  effects 
of  these  sources  can  be  expressed  entirely  in  terms  of  a  scalar 
potential  <f)i  determined  from 


~Po{m/2,  k  -  0 

—k(p\  T  f2k\  k  '=/=■  0. 


m?' 

The  update  of  the  particle  position  is  also  subtle  because 
knowledge  of  is  required.  This  quantity  depends 

implicitly  on  through  its  dependence  on  a.  An  implicit 

equation  for  is  obtained  by  Taylor  expanding 

about 

(to"  +  ’/2)2  =  „,l  +  (/^"  +  l/2)2  +  ^ 

where 

Again,  this  can  be  solved  using  the  quadratic  formula. 

V  The  Wake  Fiei.d  Solver 

As  mentioned  above,  the  field  solver  for  the  wake  is  nearly 
identical  to  that  of  WAVE.  The  only  difference  is  in  the  Poisson 
solver,  where  we  have  added  the  option  of  using  open-ended 
boundary  conditions  [13].  This  allows  for  the  possibility  of  a 
nonneiitral  simulation  box.  Use  of  open  boundary  conditions  is 
also  necessary  in  cases  in  which  the  plasma  does  not  fill  the 
box  transversely,  such  as  when  it  is  created  by  tunneling  ioniza¬ 
tion.  In  such  cases,  neither  axial  boundary  can  be  taken  to  be  an 
equipotential  because  electron  diffusion  will  lead  to  a  restoring 
space-charge  field. 


Here,  a  Fourier  transform  has  been  performed  in  the  7/-direc- 
tion,  k  is  the  Fourier  wavenumber,  ^  is  a  coordinate 

moving  with  the  window,  and  po  is  the  charge  density  at  the 
rear  boundary  of  the  window  ==  0).  The  total  scalar  potential 
is  then  0]  +  (/>,  where  0  is  computed  assuming  p  =  0  outside 
the  window. 

An  alternative  solution  is  to  rewrite  the  field  solver  to  operate 
in  the  Lorentz  gauge.  In  particular,  we  could  solve 

(A  -  du)A  =  -J  +  VG{diP  +  V  •  J) 

(A  -  d,,)(l>  =  -(). 

Here,  again,  the  Poisson  solver  G  is  used  to  ensure  charge  con¬ 
servation.  Although  G  is  not  a  causal  operator,  the  vector  poten¬ 
tial  will  be  very  nearly  causal  nevertheless.  This  is  because  for  a 
linearly  weighted  J,  the  contribution  of  a  particle  to  V- J) 

takes  the  form  of  a  quadrupole.  The  resulting  “correction  field” 
is  therefore  highly  localized  to  the  region  of  the  particle  [13]. 
With  both  potentials  causal,  the  moving  window  boundary  con¬ 
ditions  can  be  done  as  in  PEGASUS. 

VII.  Ionization 

In  many  laser-plasma  interaction  experiments,  the  plasma  is 
created  by  the  laser  via  tunneling  ionization.  It  is  desirable  there¬ 
fore  to  include  this  process  in  any  laser-plasma  simulation  code. 
Tunneling  ionization  is  modeled  in  turboWAVE  by  computing 
an  ionization  rate  based  on  the  Keldysh  model  [15].  This  rate 
is  computed  in  each  grid  cell  to  determine  the  number  of  new 
particles  to  create  in  that  cell.  The  particles  are  given  a  thermal 


GORDON  et  ai:  PONDEROMOTIVE  GUIDING  CENTER  PIC  CODE 


1227 


velocity  selected  by  the  user  and  can  be  positioned  either  uni¬ 
formly  or  randomly  throughout  the  cell. 

VIIL  Parallelization 

Parallelization  of  turboWAVE  is  accomplished  using  the 
(MPI).  One-dimensional  domain  decomposition  is  done  in 
the  a:-direction.  This  is  largely  straightforward,  except  for 
the  Poisson  solver.  The  WAVE  Poisson  solver  works  by 
transforming  to  frequency  space  in  the  ^-direction  and  finite 
differencing  in  the  rr-direction.  The  operation  in  the  ^-direction 
parallelizes  immediately  because  it  is  independent  of  x.  After 
this  transformation,  the  scalar  potential  at  each  y  is  determined 
from  a  second-order  difference  equation  in  x.  Because  the 
domain  decomposition  is  performed  in  the  x-direction,  solution 
of  this  equation  requires  a  parallel  tridiagonal  solver.  We  have 
devised  and  implemented  such  an  algorithm.  It  is  presented  in 
the  Appendices. 

IX.  Benchmarking 

We  have  tested  turboWAVE  by  modeling  phenomena  that  can 
be  described  analytically,  and  by  comparing  it  with  fully  explicit 
calculations  done  using  WAVE  and  PEGASUS.  We  treat  these 
benchmarks  in  order  of  increasing  complexity. 

A.  Vacuum  Propagation 

The  simplest  test  is  to  verify  that  the  laser  field  solver  cor¬ 
rectly  propagates  a  Gaussian  beam  in  vacuum.  In  slab  geometry, 
a  Gaussian  beam  is  described  by 


Fig.  1.  Test  of  propagation  in  vacuum  (a)  amplitude  profile  at  best  focus.  The 
curve  is  expected  to  pass  through  the  intersections  of  the  dotted  lines  (b)  Guoy 
phase  shift.  The  phase  shift  through  one  Rayleigh  length  is  expected  to  be  22.5° . 


where 


a{x,y,t)  -  ao 


B.  Linear  Propagation  in  Plasma 

For  the  next  test,  we  propagate  a  small  amplitude  wave 
through  a  uniform  plasma  in  one  dimension.  Let 


w  = 


Wq 


1 

-  tan 
2 


1 


X 

XR 


R  —  X 


wy^ 


where  0  is  the  phase  change  due  to  plasma.  It  follows  that  k  — 
uj  —  <j) lx.  Assuming  the  plasma  is  homogeneous,  it  further  fol¬ 
lows  that  (j)  —  mx,  where  m  is  constant.  Using  the  well-known 
dispersion  relation  for  electromagnetic  waves  in  a  plasma,  we 
obtain 


and  the  Rayleigh  length  is 


m  =  (jo  — 


■  UJ; 


p* 


XR  =  \ujwl. 

As  a  test,  we  focus  a  laser  pulse  to  the  center  of  a  simulation  box 
2.%1xr  long.  This  is  done  simply  by  setting  the  amplitude  and 
phase  of  a  in  the  left  ghost  cell  according  to  a{-1.33xR,  y,  t). 
Fig.  1(a)  shows  the  resulting  transverse  amplitude  profile  in  the 
center  of  the  box.  The  vertical  dotted  lines  show  the  locations  of 
±wo,  and  the  horizontal  dotted  line  shows  the  location  of  ao/e. 
The  curve  passes  through  the  intersections  of  these  lines  just  as 
expected. 

Fig.  1(b)  shows  the  relative  phase  of  a  on  axis.  A  “Guoy  phase 
shift”  of  TT /4  radians  is  expected  as  the  laser  propagates  through 
2xr.  This  is  exactly  what  is  observed. 


In  Fig.  2,  we  plot  (f){x)  for  an  electromagnetic  wave  with  cu  —  10 
propagating  through  a  box  with  a  vacuum  region  and  a  plasma 
region.  The  slope  of  the  curve  corresponds  to  m.  As  expected, 
the  slope  is  zero  in  the  vacuum  region  and  in  the  plasma 

region. 

C.  Beat  Excitation  of  a  Plasma  Wave 

It  was  shown  by  Rosenbluth  and  Liu  [16]  that  a  two-fre¬ 
quency  laser  will  drive  a  plasma  wave  such  that  the  electrostatic 
field  grows  according  to 

Ex{t)  _  0102  _  ^ 

£*0 
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Propagation  Distance  (c/cOp) 

Fig.  2,  Linear  propagation  in  a  plasma  for  The  slope  of  the  curve 

corresponds  to The  expected  slope  in  the  plasma  region  is0.05. 
just  as  is  observed  in  the  plot. 


0  50  100  150  200  250 


Time  (ro  'h 
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Fig.  3.  Beat  excitation  of  a  plasma  wave  with  <i  \  =  (tj  —  0,1,  u.’]  =  0.5, 
and  ^’2  =  IB. 5.  The  electric  Held  grows  secularly  at  the  expected  rate  until 
relativistic  detuninc  occurs. 


where  Eq  is  the  cold  wavebreaking  field,  rii  and  (12  are  the  nor¬ 
malized  amplitudes  of  the  two  lasers,  and  the  frequencies  of  the 
two  lasers  are  chosen  such  that  uji  -  uj2  ~  Fig.  3  shows 
the  results  of  a  1-D  simulation  in  which  a.]  —  qo  —  0.1  and 
(cji  +  cj2)/2  —  A  particular  point  in  the  simulation  box 

was  chosen,  and  was  plotted.  The  field  grows  linearly  at 
the  expected  rate  until  relativistic  detuning  saturates  it. 


D.  Wakefield  Excitation 

In  the  (1-D)  nonrelativistic  limit,  the  amplitude  of  the  wake 
excited  by  a  short  pulse  laser  is  [6] 

where  —  x  -  t.  We  test  the  accuracy  of  this  in  both  one  and 
two  dimensions,  using  both  the  moving  and  stationary  windows. 
The  temporal  profiles  of  the  pulses  used  are  of  the  form 


r  lOr^  -  +  Gr\  {)<t< 

\lOC-15C+6^^  U,.<t<2t„ 


where  r  =  ^  =  2  —  t/t,,.,  and  /„.  is  the  full-width 

at  half-maximum  (FWHM)  of  the  pulse.  The  function  /  has 
the  following  properties:  /(O)  =  =  0.  /’(/,,  )  =  1. 

=  /(3f.;/2)  =:  1/2,  f  (0)  :=  /'(/.„,)  r{2K)  =  0, 

and  r(0)  =  r(^.,/2)  -  =  r(3/,,V2)  =  /'^(2/,,)  = 

0. 

Fig.  4(a)  shows  the  results  of  both  1-D  and  2-D  simulations 
in  which  the  wake  amplitude  (j)  was  measured  as  a  function  of 
the  driver  amplitude  a.  The  2-D  simulations  used  the  moving 
window.  The  laser  parameters  were  cu  =  20  and  —  3.0.  For 
the  2-D  runs,  the  spot  size  was  W{)  =  3.0.  The  theoretical  curve 
was  obtained  by  numerically  integrating  (5).  The  agreement  be¬ 
tween  theory  and  simulation  is  excellent  for  small  a.  For  large 
a,  relativistic  effects  are  expected  to  reduce  the  wake  amplitude 
from  the  theoretical  value,  as  is  indeed  observed  in  the  figure. 

Fig,  4(b)  shows  the  results  of  1-D  simulations  in  which  the 
wake  amplitude  (j)  was  measured  as  a  function  of  the  pulse  length 
ty,.  The  laser  amplitude  was  a  =  0.4,  and  the  frequency  was 


0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9 

Pulse  Amplitude  (eA/mc) 


Pulse  Length  (0)^''') 

Fig.  4.  Excitation  of  wakes  by  a  short-pulse  (a)  scaling  with  driver  amplitude 
and  (b)  scaling  with  pulse  length  near  the  resonance, 

cu  —  20.  The  theoretical  curve  was  again  obtained  by  numeri¬ 
cally  integrating  (5).  Again,  the  agreement  between  theory  and 
simulation  is  excellent. 

£,  Nonlinear  Beat  Excitation 

In  [  17J,  a  fully  explicit  2-D  simulation  of  beat  excitation  was 
done  using  WAVE,  in  which  r/.j  =  02  =  0.5G,  cui  =  and 
cuo  =  The  laser  risetime  was  ujfi  =  300.  Late  during  this 
risetime,  the  wave  amplitudes  become  large  enough  so  that  no 


GORDON  et  al:  PONDEROMOTIVE  GUIDING  CENTER  PIC  CODE 


1229 


0  10  20  30  40  50  60 


x-coordinate  (c/cop) 


0  60 

x-coordinate  (c/cop) 


Fig.  5.  Nonlinear  beat  excitation  (a)  axial  electric  field  at  ujpt  =  150  and  (b) 
scalar  potential  at  ci;pt  =  210. 

analytical  treatment  is  available.  To  test  how  well  turbo  WAVE 
works  under  such  conditions,  we  repeat  the  simulation  described 
in  [17]  using  the  ponderomotive  guiding  center  algorithm. 

Fig.  5(a)  shows  the  on-axis  axial  electric  field  at  at  a  time 
shortly  before  the  waves  become  highly  nonlinear.  This  corre¬ 
sponds  to  [17,  Fig.  12(b)].  The  agreement  is  excellent.  Fig.  5(b) 
shows  a  contour  plot  of  the  scalar  potential  after  a  high  degree 
of  nonlinearity  has  set  in.  This  corresponds  to  [17,  Fig.  15(c)]. 
The  similarity  between  the  two  sets  of  contours  is  striking. 

E  Self  Modulation 

Finally,  we  consider  the  case  of  the  self-modulation  of  a  short 
pulse  propagating  through  a  plasma.  This  is  a  difficult  problem 
to  model  using  a  ponderomotive  guiding  center  code  for  two 
reasons.  First,  it  has  been  shown  [18],  [14]  that  backscatter  can 
strongly  affect  the  outcome  of  such  an  interaction.  This  is  be¬ 
cause  the  Raman  backscatter  instability  grows  very  quickly  and 
acts  as  a  seed  for  the  forward  Raman  instability  and  self-modu¬ 
lation.  In  regimes  in  which  this  seeding  mechanism  dominates, 
its  absence  from  the  model  causes  the  forward  Raman  to  de¬ 
velop  much  more  slowly  than  it  should  and  the  entire  interac¬ 
tion  can  end  up  looking  very  different.  The  second  difficulty 
is  that  the  forward  Raman  leads  to  wavebreaking  and  the  gen¬ 
eration  of  large  numbers  of  very  high-energy  electrons.  These 


x-coordinate  (c/cop) 


X'coordinate  (c/cop) 


Fig.  6.  Self  modulation  of  a  short-pulse  (a)  laser  amplitude  at  =  150, 
including  seed  pulse  and  (b)  accelerating  electric  field  atiOpt  =  150. 

electrons  may  move  too  slowly  through  the  optical  phase  fronts 
to  be  modeled  accurately  by  the  ponderomotive  description. 

Despite  the  difficulties  described  above,  we  have  found  that 
it  is  possible  to  obtain  reasonable  results  in  the  self-modulated 
regime  using  turboWAVE.  At  sufficiently  early  times,  the  in¬ 
correct  interaction  between  the  high-energy  electrons  and  the 
laser  fields  is  not  expected  to  strongly  affect  the  evolution  of  the 
laser  or  the  wake  because  the  number  of  high-energy  electrons  is 
small.  The  backscatter  problem  is  not  serious,  provided  the  wake 
driven  by  the  rising  edge  of  the  laser  pulse  is  sufficiently  strong. 
In  particular,  if  the  wake  is  strong  enough  to  seed  the  forward 
Raman  as  strongly  and  as  quickly  as  backscatter,  backscatter 
will  not  have  a  serious  impact  on  the  interaction.  This  is  because 
once  the  forward  instabilities  are  underway,  they  dominate  over 
all  other  processes. 

As  an  example  that  illustrates  these  difficulties,  and  how  to 
overcome  them,  we  attempt  to  reproduce  the  2-D  PEGASUS 
simulation  described  in  [18].  Unfortunately,  [18]  describes  the 
pulse  shape  in  terms  of  a  parameter  Iq  —  SOc/cUp  which  is  not 
precisely  defined.  We  choose  to  interpret  this  parameter  in  the 
sense  that  makes  the  problem  as  challenging  as  possible — that 
is,  we  take  the  pulse  shape  to  be  as  described  in  Section  IX-D 
with  tyj  =  Iq.  Other  parameters  were  ao  =  0.75,  a;  —  5,  and 
wq  =  9.  In  this  case,  the  wake  excited  by  the  rising  edge  of  the 
pulse  takes  much  longer  to  excite  the  forward  Raman  than  does 
backscatter.  However,  we  find  that  the  effects  of  backscatter  can 
be  simulated  by  superimposing  a  small  short  pulse  {tyj  —  tt) 
over  the  longer  main  pulse.  This  takes  the  place  of  the  “notch” 
that  backscatter  would  have  created  in  the  laser  pulse  via  pump 
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depletion.  Using  this  technique  along  with  the  moving  window, 
we  generated  Fig.  6.  The  contours  of  laser  amplitude  at  cjpt  = 
150  are  shown  in  Fig.  6(a),  whereas  the  contours  of  the  axial 
electric  field  at  the  same  time  are  shown  in  Fig.  6(b).  These 
are  to  be  compared  respectively  with  [18,  Figs.  3(c)  and  (d)]. 
The  two  sets  of  results  are  qualitatively  similar.  Better  quantita¬ 
tive  agreement  might  be  obtained  by  adjusting  the  seed  pulse.  It 
should  also  be  noted  that  the  need  for  a  seed  pulse  might  be  elim¬ 
inated  given  a  more  favorable  interpretation  of  /q.  We  indeed  ran 
a  case  with  a  different  pulse  shape  (equal  risetime,  fall-time,  and 
flat-top  regions  of  306*;“^)  and  found  that  contours  similar  to 
those  shown  in  Fig.  6  could  be  generated  without  a  seed  pulse. 

X.  Conclusion 

The  code  turboWAVE  provides  an  effective  method  of  mod¬ 
eling  laser-plasma  interactions,  in  which  the  laser  radiation  is 
dominantly  forward  propagating  and  the  laser-particle  interac¬ 
tion  is  adequately  modeled  by  the  ponderomotive  force.  Plans 
for  the  future  include  implementation  of  cylindrical  geometry 
and  three  dimensions,  as  well  as  the  improved  moving  window 
algorithm  discussed  above.  In  addition,  a  method  of  handling 
high-energy  particles  whose  interaction  with  the  laser  is  not  ad¬ 
equately  modeled  by  the  ponderomotive  force  is  being  contem¬ 
plated. 

Appendix  A 

Moving  Window  Poisson  Solver 

To  solve  for  A  and  0  in  a  computational  region,  or  “window,” 
moving  at  the  speed  of  light,  requires  a  Poisson  solver  that  ac¬ 
counts  for  sources  behind  the  window  without  knowing  what 
those  sources  are.  The  key  to  solving  this  problem  lies  in  under¬ 
standing  the  implications  of  causality.  By  causality,  the  fields  in 
the  window  are  independent  of  the  sources  behind  the  window. 
This  means  particles  behind  the  window  can  undergo  any  mo¬ 
tion  whatsoever  without  affecting  the  solution  for  the  fields  in 
the  window.  The  problem  then  is  to  choose  some  motion  that 
makes  it  easy  to  solve  for  the  potentials.  The  obvious  choice  is 
to  immediately  “freeze”  the  particles  the  moment  they  cross  the 
rear  boundary  of  the  window.  The  particles  then  recede  from  the 
window  at  the  speed  of  light  while  maintaining  their  transverse 
position. 

The  equations  for  the  potentials  can  be  written  as  follows: 

{A-dtt)A  =  -J  + VG*(V-J) 

(j)  =  —G  *  p. 

Here,  G  is  a  Green’s  function  and  *  represents  convolution  in 
space.  If  we  choose  to  freeze  the  particles  the  moment  they  cross 
the  rear  boundary  of  the  window,  the  current  behind  the  window 
is  zero  and  the  sources  behind  the  window  do  not  contribute 
to  the  vector  potential.  To  solve  for  the  scalar  potential  due  to 
sources  behind  the  window,  we  Fourier  transform  in  the  trans¬ 
verse  direction.  This  gives 

0(t:,  k,t)  =  -  f  G{x  -  x/,  k)p{x',  k,  t)  dx' 


where  for  A:  /  0 

The  upper  limit  in  the  integral  x  =  t  is  the  location  of  the 
rear  boundary  of  the  window.  Because  the  sources  behind  the 
window  do  not  move,  we  have  for  x  <  t 

p{x,t)  =  p{x,x)  =  Po{x) 

where  poix)  is  the  charge  density  on  the  boundary  evaluated  at 
the  time  t  =  x.  This  allows  the  convolution  integral  to  be  written 
as 

^  J  dt' 

where  we  renamed  the  integration  variable  to  emphasize  that 
the  integration  is  effectively  over  time.  In  terms  of  a  coordinate 
^  =  X  -  t  moving  with  the  window,  this  becomes 

<!>{(,  k,  t)  =  — — —  J  poit')  dt' 

Differentiating  both  sides  with  respect  to  time  gives  (4).  The 
solution  for  the  fc  =  0  mode  is  found  similarly,  using  for  the 
Green’s  function 

G(,T,fc  =  0)  =  J|i. 

Appendix  B 

Parallel  Tridiagonal  Solver 
We  seek  a  parallelizable  solution  to  the  equation 

Aji(j)i  ~  ~Pj 

where  A  is  a  tridiagonal  matrix.  Consider  L  -h  1  diagonal  sub¬ 
matrices  of  size  N  X  N  defined  by 

^ji  ~  ^j+nV,?:+nV 

where  n  varies  from  0  to  L  and  j  vary  from  1  to  N.  From  the 
original  matrix  equation,  it  follows  that 

=  -P"  - 

where  are  the  standard  basis  vectors  and 

~  ^7jV+iV,nV+iV+l- 
Inverting  this  equation  gives 

(6) 

where 

a"  =  0^-1  =  ro 

V;"  = 
v”  = 
w"  = 

Let  us  now  regard  n  as  indicating  one  of  the  nodes  on  a  parallel 
computer.  The  quantities  rj>,  v,  and  w  can  be  solved  for  inde- 
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pendently  on  each  node  via  the  usual  tridiagonal  algorithm.  To 
obtain  the  full  solution  0,  it  only  remains  to  solve  for  and 

The  quantities  and  /?”  can  be  viewed  as  the  dirichlet 
boundary  conditions  to  the  left  and  right  of  node  n,  respec¬ 
tively.  Equation  (6)  can,  therefore,  be  viewed  as  expressing 
the  solution  on  a  single  node  in  terms  of  the  solution  ifj  using 
null  boundary  conditions,  plus  a  correction  taking  into  account 
the  actual  boundary  conditions  imposed  by  the  presence  of 
the  other  nodes.  These  boundary  conditions  are  determined 
implicitly  by  combining  the  definitions  of  and  with  (6). 
In  particular,  we  have  2L  equations 

a” = 

for  the  2L  unknowns  and  /3°  •  •  •  Here 

=  u;^ 

The  system  is  closed  by  taking  and  as  given.  These  can 
be  viewed  as  the  dirichlet  boundary  conditions  for  the  whole 
system.  Alternatively,  if  the  global  boundary  conditions  are  ac¬ 
counted  for  by  the  original  equation  Acj)  —  -p,  then  a®  = 
/3^=0. 

The  above  system  of  equations  can  be  reexpressed  in  terms 
of  two  independent  tridiagonal  systems:  one  for  a”  and  one  for 
/?".  In  particular 

jf-pn-l  ^  ynpa  ^  ^  ^  71  =  {0  •  •  •  L  -  1} 

where  for  the  a  system,  we  have 

5"  =  v-r'  -  Vr  +  (fcrVfc2 )  kvn 

a"  = 

6"  =  1  - 


-  k^a^  —  ^2/5'^ 
and  for  the  /3  system,  we  have 
r” = 

]Ln  i-l 

x”  =  k^ 
k^ 

7/"  =  1  -  k^k^+^  +  (fcJ+V^s) 

13-^  =  11)1-  kla^  -  kl(3°. 

The  factors  can  be  computed  on  one  node — the  “alpha 
node” — whereas  the  (5'^  factors  are  computed  on  another — the 
“beta  node.”  Once  this  is  done,  the  alpha  node  transmits  to 
node  n  while  the  beta  node  transmits  to  node  n.  Node  n  can 
then  compute  and  the  problem  is  solved. 


In  many  cases,  the  system  Acj)  —  -p  has  to  be  solved  re¬ 
peatedly  under  conditions  in  which  p  changes  but  A  does  not. 
In  this  case,  certain  quantities  can  be  computed  on  the  first  pass 
through  the  program’s  main  loop, whereas  subsequent  iterations 
reuse  the  results  of  that  calculation.  These  quantities  are  v,  w, 
ki  through  fc4,  a,  6,  c,  x,  y,  and  z. 

The  message  passing  requirements  for  the  algorithm  just  de¬ 
scribed  are  as  follows.  For  each  tridiagonal  system  to  be  solved, 
six  numbers  must  be  passed  from  every  node  to  the  alpha  node. 
The  same  six  numbers  must  be  passed  from  every  node  to  the 
beta  node.  These  numbers  are  and  ki  through  ^4.  The 

alpha  and  beta  nodes  then  operate  on  these  parameters  to  pro¬ 
duce  L  correction  factors  each.  Finally,  the  alpha  node  sends 
one  number  to  each  node  (a^  node  n),  while  the  beta  node 
does  likewise. 

One  way  to  improve  the  efficiency  of  the  message  passing  is 
to  write  the  routine  in  such  a  way  that  it  handles  multiple  tridiag¬ 
onal  systems  at  a  time.  For  example,  one  might  have  a  2-D  grid 
on  which  a  tridiagonal  solution  is  required  over  each  horizontal 
strip.  In  this  case,  it  would  be  best  to  pass  the  ij)  and  k  factors 
for  every  strip  in  one  message.  This  alleviates  the  problem  of 
latency. 
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Fluid-Like  Transport  Variables  in  a  Kinetic, 
Collisionless  Plasma  Near  a  Surface  with  Ion  and 

Electron  Reflection 

Peng-Sheng  Wei,  Member,  IEEE,  and  Feng-Bin  Yeh 


Abstract — Transport  variables  of  the  positive  ions  and  electrons 
in  the  presheath  and  sheath  of  a  plasma  near  a  wall  that  partially 
reflects  ions  and  electrons  are  determined  from  a  kinetic  analysis. 
Because  velocity  distributions  of  the  ions  and  electrons  near  the 
wall  are  highly  non-Maxwell-Boltzmann  distributions,  accurate 
predictions  of  transport  variables,  such  as  density,  fluid  velocity, 
mean  pressure,  fluid-like  viscous  stress,  and  conduction,  require 
kinetic  analysis.  The  results  find  that  dimensionless  transport  vari¬ 
ables  of  ions  and  electrons  in  the  presheath  and  sheath  can  be  ex¬ 
actly  expressed  in  terms  of  transcendental  functions  determined 
by  dimensionless  independent  parameters  of  ion  and  electron  re¬ 
flectivities  of  the  wall,  ion-to-electron  mass  ratio,  charge  number, 
and  electron-to-ion  temperature  ratio  at  the  presheath  edge.  The 
effects  of  the  parameters  on  transport  variables  at  the  wall  are  also 
obtained.  The  computed  transport  variables  in  the  presheath  and 
sheath  show  agreement  with  available  theoretical  data  for  a  com¬ 
pletely  absorbing  wall. 

Index  Terms — Plasma  materials  processing,  plasma-wall  inter¬ 
actions,  space  charge,  transport  processes  of  plasma. 

Nomenclature 

c  Particle  thermal  speed,  c*  — 

Co 

Cq  [2Zie((^fc  - 

D  Dawson  function,  as  defined  in  (9). 

e  Electron  charge. 

/,  F,  g  Distribution  function,  F"*  — 

H  Heaviside  function. 

K  Function. 

kB  Boltzmann  constant, 

m  Particle  mass. 

M  mi/rrie^ 

n  Particle  density,  n*  =  n/ueo- 

5  ^2  Functions  defined  in  (35). 
p  Mean  pressure,  p*  =  p/ueoksTeO^ 

q  Fluid-like  conduction  heat,  q*  —  q/ueoksTeoikB 

T  Temperature. 

u  Fluid  velocity,  w*  = 

x,y,z  Cartesian  coordinate. 

Z  Charge  number. 
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Greek  Letters 

7  Incomplete  gamma  function  defined  in  (20). 

e  Total  energy  =  micl/2  -f-  Ziecj). 

d  sm“^  y/Xb/x- 

E  Function. 

K.  Teo/TiO‘ 

p  Reflectivity, 

rr  Cx  j  I  Cx  I  • 

r  Fluid-like  viscous  stress,  r*  =  r/neoksTeo- 

0,X  Dimensional  and  dimensionless  potential,  x  — 
—e(j)/kBTeo> 

Xt  =  -^/{ZikBTeo)  =  ~micl/{2ZikBTeo)  +  X- 
n  Function. 

£t  Zie(j). 

Superscript 

*  Dimensionless  quantity. 

Subscript 

b  Boundary  between  sheath  and  presheath, 

e,  i  Electron  and  ion. 

t  Turning  point. 

Wall. 

0  Coordinate  origin  at  ^  =  0  as  shown  in  Fig.  1. 

I.  Introduction 

HE  plasma  induced  in  metals  processing  is  usually  accom¬ 
panied  by  strong  momentum  and  energy  transport  near  the 
workpiece  surface.  In  view  of  the  high  thermal  speed  associated 
with  rapid  loss  of  the  electrons  to  the  wall,  the  plasma  exhibits 
net  positive  charges.  A  thin  layer  called  the  sheath  or  space- 
charge  region  in  a  thickness  of  around  several  Debye  lengths 
(~10~^  m),  thus,  exists  on  the  cold  wall  [1].  The  potential  bar¬ 
rier  adjusts  so  that  the  flux  of  electrons  that  have  enough  en¬ 
ergy  to  go  over  the  barrier  to  the  wall  is  equal  to  the  flux  of 
ions  reaching  the  wall.  The  presheath  (~10“^  m),  which  lies  be¬ 
tween  the  bulk  plasma  and  the  sheath,  is  characterized  by  ioniza¬ 
tion  to  supply  the  ions  lost  to  the  wall.  Regardless  of  the  Debye 
shielding,  small  electrostatic  potential  in  the  presheath  still  ac¬ 
celerates  the  ions  up  to  and  beyond  sonic  speed  before  entering 
the  sheath,  as  first  explicitly  pointed  out  by  Bohm  [2]. 

The  use  of  a  traditional  fluid  model  (i.e.,  Navier-Stokes 
equations)  obtained  from  the  velocity  moment  equations  of  the 
Boltzmann’s  kinetic  equation  [3]  to  predict  transport  processes 
of  the  plasma  near  a  surface  is  convenient  but  inaccurate. 
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The  traditional  fluid  model  of  the  ions  is  only  accurate  for  a 
small  ion  Knudsen  number  defined  by  the  ratio  between  ion 
mean-free  path  and  the  characteristic  length  of  the  macroscopic 
system.  The  advantage  is  that  the  complicated  collision  terms, 
therefore,  can  be  ignored  in  the  zeroth  approximation.  Besides, 
if  Debye  length  and  Larmor  radius  are  large  in  comparison 
with  the  length  of  the  macroscopic  system,  the  ion  distribu¬ 
tion  function  deviates  slightly  from  the  Maxwell-Boltzmann 
distribution.  Transport  coefficients  such  as  viscosity,  thermal 
and  electrical  conductivities,  and  diffusivities,  thus,  can  be 
introduced  to  evaluate  diffusion  terms  by  applying  the  En- 
skog-Chapman  perturbation  method  to  the  first  order  [3],  [4]. 
Unfortunately,  the  ion  Knudsen  number  in  the  presheath  (and 
sheath)  is  marginally  the  order  of  unity,  and  velocities  of  the 
ions  are  of  a  highly  non-Maxwell~Boltzmann  distribution 
resulting  from  an  electric  field.  Fluid  equations,  including  shear 
stresses,  conduction,  and  diffusion  velocities,  therefore,  are  not 
closed  but  involve  higher  order  moments  of  kinetic  distribution 
functions  [5].  Truncating  higher  order  moments  inherently 
leads  to  an  approximation  or  elimination  of  certain  features  of 
plasma  behavior  and  constrains  the  regime  of  validity  of  the 
resultant  fluid  equation  set. 

A  comparison  between  fluid  and  kinetic  models  in  an  unmag¬ 
netized  presheath  was  provided  by  Bissell  et  aL  [6].  The  effects 
of  collisions  were  included  in  fluid  equations  by  introducing 
an  adiabatic  closure  condition.  Because  experimental  measure¬ 
ments  rarely  have  accuracy  levels  as  fine  as  ±20%,  the  max¬ 
imum  deviation  of  ±10%  for  particle  and  heat  fluxes  to  the 
wall  among  different  models  was  acceptable.  From  a  practical 
viewpoint,  it  was  suggested  that  an  isothermal  fluid  model  is 
simple  and  adequate.  Scheuer  and  Emmert  [7]  also  made  a  sim¬ 
ilar  comparison  between  fluid  and  kinetic  models.  In  one-di¬ 
mensional  fluid  models,  either  a  constant  temperature  and  cold 
plasma  or  approximate  closure  conditions  was  assumed.  The 
effects  of  neutral  gas-plasma  interactions  were  simulated  by 
source  terms  in  fluid  equations.  Ion-ion  collisional  effects  were 
included  through  the  closure  conditions.  Ion  density,  flow  ve¬ 
locity,  parallel  temperature,  and  total  and  conduction  heat  fluxes 
predicted  by  fluid  equations  compared  well  with  kinetic  results 
in  the  collisionless  case.  Ion-ion  collisions  exhibited  negligible 
effects  on  ion  particle  and  total  and  conduction  heat  fluxes  to 
the  wall. 

A  simplified  kinetic  analysis  can  be  accurately  enough  used 
to  evaluate  transport  variables  of  the  plasma  near  the  wall. 
Chodura  [8]  assumed  approximately  that  velocities  of  the  cold 
ions  at  the  sheath  edge  were  Maxwell-Boltzmann  distribution 
shifted  by  sound  speed,  whereas  the  electrons  were  truncated 
Maxwell-Boltzmann  distribution.  The  reemitted  electrons 
started  with  zero  velocity  at  the  wall,  which  completely  and 
partially  absorbed  the  cold  ions  and  electrons,  respectively. 
Simple  analytical  solutions  for  densities,  fluid  speeds,  mass 
fluxes,  and  energy  fluxes  of  the  ions  and  electrons  to  the  wall, 
therefore,  were  obtained.  Schwager  and  Birdsall  [9J  considered 
the  presheath  as  a  Maxwellian  plane-source  injecting  equal 
fluxes  of  ions  and  electrons,  based  on  that  the  width  of  the 
presheath  does  not  affect  potential  drop  [10],  [11].  The  ions 
and  electrons  exhibited  truncated  Maxwell-Boltzmann  distri¬ 
butions  in  a  region  without  collisions  and  ionization.  Analytical 
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expressions  for  density,  fluid  velocity,  temperature,  kinetic 
energy,  and  energy  flux  in  the  sheath  on  a  completely  absorbing 
wall  were  therefore  obtained.  The  results  agreed  with  those 
from  a  numerical  particle-in-cell  computation.  Ordonez  [12] 
extended  the  model  of  Schwager  and  Birdsall  [9]  to  account 
for  three-dimensional  translation,  reflection,  and  emission  of 
electrons  from  a  cold  surface.  Electron  emission,  however,  can 
distort  Maxwell-Boltzmann  distribution  in  the  presheath. 

This  study  is  to  determine  transport  variables  in  a  collisionless 
presheath  and  sheath  on  a  wall  partially  reflecting  ions  and  elec¬ 
trons  from  the  highly  non-Maxwell-Boltzmann  velocity  distri¬ 
butions  of  ions  and  electrons  obtained  by  Wei  et  aL  [13].  Re¬ 
flections  of  ions  and  electrons  are  commonly  encountered  in 
sputter  etching  and  deposition,  ion  implantation,  and  an  ana¬ 
lytical  technique  known  as  ion  scattering  spectroscopy  [14].  It 
should  be  noted  that  hydrodynamic  and  thermal  transport  vari¬ 
ables  of  the  viscous  stress  and  conduction  heat  take  place  for  a 
distribution  slightly  deviated  from  a  Maxwell-Boltzmann  distri¬ 
bution  resulting  from  collisions.  Because  ions  and  electrons  of 
highly  non-Maxwell-Boltzmann  distributions  result  from  elec¬ 
trostatic  field,  the  transport  variables  in  this  work  are  termed  as 
fluid-like  transport  variables  [7],  [15]. 

II.  Kinetic  Model  and  Analysis 

The  bulk  plasma,  presheath,  and  sheath  between  two  electri¬ 
cally  floating  plates  partially  reflecting  ions  and  electrons  are 
illustrated  in  Fig.  1 .  In  view  of  symmetry,  the  origin  of  the  co¬ 
ordinate  is  conveniently  set  at  the  center  of  bulk  plasma,  where 
electrostatic  potential  is  zero.  Because  potential  decreases,  the 
ions  in  the  positive  .indirection  are  accelerated.  On  the  other 
hand,  the  electrons  in  the  forward  direction  need  to  overcome 
potential.  The  major  assumptions  made  are  the  same  as  the  work 
provided  by  Wei  et  aL  [13].  They  are  1)  steady  state,  2)  col¬ 
lisionless  presheath  and  sheath,  3)  unmagnetized  electrostatic 
plasma,  4)  neglect  of  secondary  electron  emission,  thermal  and 
field  emissions  of  ions  and  electrons,  and  5)  Maxwell-Boltz¬ 
mann  distributions  of  the  ions  moving  in  the  y-  and  ,r-directions. 


A.  Transport  Variables  of  Ions 


Tran.sport  variables  in  the  presheath  and  sheath  can  be  eval¬ 
uated  from  different  moments  of  distribution  functions.  Deriva¬ 
tions  are  described  as  follows. 

I)  Presheath:  Density,  fluid  velocity,  mean  pressure, 
fluid-like  shear  stress,  and  conduction  heat  of  the  ions  yield 

«  ;  =  f  F,  dr,,. 

J  —  oc 

(1) 

1 

V  i  ~  —  FiCr  dCr 

Uj  ./-oc- 

(2) 

1 

P'  =  ^  1  “  '“‘f  +  4  +  4]  <Fl, 

dr,  (3) 

Ti  =  /'(  -  /  Fi'iriiicr  -  UiY  dr..,. 

—  oo 

(4) 

<h  =  J  fi^m,  [(f,,  -  Uif  +  +  r:^] 

X  (c,.  —  ?//)  dCr  dc^f  d.C:, 

(5) 
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formulas  listed  in  the  Appendix,  dimensionless  transport 
variables  in  the  presheath  lead  to 


I  Electron 


Workpiece 


Fig.  1 .  System  sketch  for  the  model  and  coordinates, 
where  the  ion  distribution  function  is 

The  ion  distribution  function  integrated  over  velocity  compo¬ 
nents  Cy  and  Cz  is  [13] 

N  /  rrii  (  €  \ 

Fi{x,  c,)  -  ^  ^  27rkBTio  V  ksTio  ) 

■  {H{c,  -  co){Kixb)  +  K{x)  +  pmxh) 

-  K{x)]}  +  H{c,)Hico  -  c,){K{xb) 
-2Kixt)  +  K{x)  +  p[K{xb)-Kix)]} 

+  H{-c,)H{co  +  c,){K{xi,)  -  K{x) 

+  p[K{xb)-2Kixt)  +  K{x)]} 

+  H{-Cx)H{-co- Cx){K{xb) 

-K{x)  +  p[K{xb)+K{x)]}}  (7) 

where  function  K  introduced  by  Enunert  et  al  [10]  yields 

+  T^^(vT).  (8) 

yJ'KZjiK 

The  Dawson  and  error  or  complementary  error  functions  in  (8) 
are,  respectively,  defined  as  [16] 


<  =  Hi  (13) 

rt  =nlv:i^+p*--n*U2  (15) 

tv 

Q:  =  n*uf  -  I  ulp*  +  ulr*  +  ^  <03  (16) 


where  the  functions 

^  M  e^Di^ ) 

1  +  p  \  Zi  TTK 


(12  =  ZiK[{l  -  x)e^  -  1]  +  -  j(2,  Zi^x)]  (18) 


D(x)  =  r  e*'  dt 
Jo 

erf(a;)  =  1  -  erfc(x)  =  - 


e-*  dt  (10) 


Sheath  edge  potential  in  (8)  is  satisfied  by 


D{^,)  =  erfc(v/Z^)  .  (11) 

Aside  from  K{0)  =  0,  (8)  by  substituting  (11)  leads  to 
K{xb)  —  1-  Emmert  et  al.  [10]  obtained  (8)  and  (11)  for  a 
completely  absorbing  wall.  Substituting  (6)-(10)  into  (l)-(5) 
and  conducting  lengthy  integrations  with  the  aid  of  integration 


=  (19) 

and  the  incomplete  gamma  function  [17],  [18]  are  defined  as 

'f{u,a)=  u>0.  (20) 

Jo 

For  a  completely  absorbing  wall  without  emission,  ion  mass  flux 
obtained  from  a  product  of  (12)  and  (13)  reduces  to  (49)  and  (50) 
in  Emmert  et  al  [10]. 

2)  Sheath:  Conservation  equations  of  mass,  momentum, 
and  energy  fluxes  are  [19] 

/oo 

Fi(^X.)  Cx^TTliCx  dCx  —  tTl-iTlii)V>ib  (2-1) 

-CXD 

/oo  nx 

Fi(x,  Cx)micl  dCx  -  ZiksTeo  /  ni  dx' 

-oo  dxb 

=  miTiibU^  -\-pb-  Txb  (22) 

/oo 

fi{x,  c)\mi  {cl  +  Cy  +  cl)  Cx  dCx  dcy  dc^ 

-OO 

-  ZiUibkBTeOUibix  -  Xb) 

=  \minibU%  +  \uibPb  -f  Qxb  -  UibTxb-  (23) 

The  ion  distribution  function  in  the  sheath  is  [13] 

=  H{cx  -  c'o)\cxb\gb{e,+l) 

mi 

H{-dQ- Cx)p\cxb\gb{£,+F}  (24) 

where  the  first  term  on  the  right-hand  side  represents  the  distri¬ 
bution  of  the  ions  moving  in  the  forward  direction,  whereas  the 
last  term  is  the  distribution  function  for  the  ions  in  the  negative 
direction  after  hitting  the  wall.  The  distribution  function  of  the 
forward-moving  ions  at  the  sheath  edge  in  (24)  yields 


kx6|^6(e,+l)  p)ZiSl 2irkBTi0  Mo  j 

X  {H{cxb  -  co)K{xb)  H{cxb) 

xH{co-Cxb)[K{xb)-K{xt)]}  (25) 
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where  the  first  term  on  the  right-hand  side  refers  to  high-en¬ 
ergy  ions  (e  >  0)  coming  from  the  presheath  edge  and  ion¬ 
ized  with  positive  velocities  in  the  presheath,  and  the  last  term 
represents  low-energy  ions  {Ziecjyi,  <  e  <  Q)  generated  with 
positive  velocities  and  negative  velocities  experiencing  turning 
in  the  presheath.  Substituting  (24)  and  (25)  into  (1),  (2),  and 
(21)-(23)  and  integrating,  transport  variables  in  the  sheath  lead 
to 


i*  =  ^  erfcl^Z,K(x  -  Xfc)]  -  Hi  +  =2}  (26) 


=  K„U*,r 

p*  =  i^Es-n:uf  + 


(27) 

(28) 
(29) 

q*  =  ^  n*uf  + 


^0 


T*  =  +  p*  -  ZiE*  -  -  p*,  + 


+  ^  +  q*f,  -  -  ZiU*,,n*f,Xb 

where  dimensionless  electrostatic  field 


(30) 


Et 


f 


^  1 
n*dx'^j-. 


-H2  +  e-^^  +  -/9(y3rt) 

TT 


X  Vx  -  Xh  + 


ZjK+l  [20 
Z  j  t\j 


- 1 


1  _ 

ZiK 


ZiKXb 


+  ^e--»erfc(v'zS^)  +  ^e 
X  ev^c(^^/ ZiKXh^  \/Z,;ic(x  -  Xb)  (31) 

and  the  functions 

Si  =  j  1  -  erf(i/Zi/txt)  erf  \/ZiK{x  -  Xb) 


-  ^Ni{ZiKXh,0)'^ 


(32) 


=^2  =  e 


An  electrically  biased  wall  can  be  readily  obtained  by  imposing 
an  external  electric  current. 

5.  Transport  Variables  of  Electrons  in  Sheath 

The  electron  distribution  function  without  wall  emission  in 
the  sheath  is  [13] 


Feix,  Cx)  =  i/(Cx  +  Cco)m.,  |Cx,,  I  Prhi^,  +1) 

+  H{-Cr.  -  k'xj,<7rfc(e, +1)  (37) 

where  the  distribution  function  at  the  sheath  edge 


me  lcxj.9r6(e,+l) 


—  '^cb 


I 


ksTcO  ) 


(38) 


Substituting  (37)  into  equations  similar  to  (1)~(5)  and  inte¬ 
grating,  dimensionless  density,  fluid  velocity,  mean  pressure, 
fluid-like  viscous  stress  and  conduction  heat  of  electrons  are 
found  to  be 


< 

—  e 

X 

1+  2  x) 

(39) 

1 

—  f 

/at 

< 

— 

K 

_  4  /  _  rj~Xu> 

\l21r 

(40) 

Pc 

il 

CO  1 

k 

+  2»C) 

(41) 

< 

=  2( 

♦ 

-Pi) 

(42) 

Cc 

=  K 

* 

iXw  -  X  +  1) 

(43) 

where  the  function 


^4  =  -f 


e  ^erfc(v/x-,„  -  x) 


-  |w2(».9) 

\  ZiK )  TT  'KZiK 

4  _  2 

+  -VX  -  XhD{y/^)  -  S2  - 

TT  y/TCZibi 


X  erfc^yZjKXfc) 


-,Z,:K(x-Xfc) 


(33) 


(34) 


(35) 


+  2 


(44) 


Equation  (39)  is  a  generalized  formula  of  electron  density  for 
a  wall  partially  reflecting  ions  and  electrons.  For  zero  electron 
reflectivity,  (39)  reduces  to  (A1 )  in  Emmert  et  al  [10].  The  last 
term  on  the  right-hand  side  of  (39)  is  small  for  a  large  poten¬ 
tial  drop  across  the  sheath.  For  a  typical  dimensionless  poten¬ 
tial  drop  of  2,  the  complementary  error  function  yields  0.0047. 
Electron  density  in  the  presheath,  therefore,  can  be  represented 
by  a  Maxwell-Boltzmann  distribution,  even  though  wall  reflec¬ 
tion  (or  low  emission)  takes  place.  On  the  other  hand,  the  last 
term  must  be  retained  in  the  sheath  if  the  difference  in  potentials 
between  the  wall  and  location  considered  is  not  large. 


Balance  of  currents  for  a  floating  wall  is  also  required  to  deter¬ 
mine  wall  potential 


(36) 


C.  Wall  Conditions 

Dimensionless  density,  fluid  velocity,  mean  pressure, 
fluid-like  viscous  stress,  and  heat  flux  of  the  ions  at  the  wall 
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are  obtained  by  evaluating  (26)-(30)  at  the  wall 


Kw  “  3^  {^21.  +  eTic[^ZiK{xw  -  Xb)]  -  ^iw} 


C  =  pL  +  -  ZiE*^  -  n*,ut  -  p*,  +  (48) 


Q.iw  2  Piuj'^iw 

1  e:;  1 

*  *3  I  *  *  I 

“  2  2  2 

,  :{c  9|e  >(:  /7  ^  N< 

"h  Qib  ^ib'^ib  ^i'^ib^ih^^' 


Dimensionless  potentials  Xh  and  Xw  are,  respectively,  deter¬ 
mined  by  (11)  and  (36),  Dimensionless  density,  fluid  velocity, 
mean  pressure,  fluid-like  viscous  stress,  and  conduction  of  the 
electrons  at  the  wall  evaluated  from  (39)-(43)  at  the  wall  are, 
respectively 

_  Pe  "1“  f  v,,,  /cn\ 


2{l~Pe)  M 
Pe  +  1  V  27r 


Pew  “  '^ew  1  ^  — 


T  —  -  71  7/ 

^  ew  3jV/  ’''ew^ew 


S(S  _  J*!  sj! 

^ew  '^ew'^ew 


M 


The  error,  Dawson,  and  incomplete  gamma  functions  were 
numerically  integrated  by  a  Simpson’s  rule.  Errors  were  less 
than  10“^  by  comparing  grids  of  1000  and  500. 


III.  Results  and  Discussion 

In  this  study,  independent  parameters  controlling  transport 
processes  in  a  presheath  and  shpath  are  ion  reflectivity  (p)  and 
electron  reflectivity  (pe)  of  the  wall,  ion-to-electron  mass  ratio 
(M),  charge  number  (Z^),  and  electron-to-ion  temperature  ratio 
at  the  presheath  edge  {n).  Dimensionless  sheath  edge  potential 
versus  the  product  of  charge  number  with  electron-to-ion  tem¬ 
perature  ratio  at  the  presheath  edge  is  shown  in  Fig.  2.  An  in¬ 
crease  in  the  product  of  a  charge  number  with  an  electron-to-ion 
temperature  ratio  at  the  presheath  edge  increases  dimensionless 
sheath  edge  potential.  The  same  result  was  also  provided  by  Em- 
mert  et  al  [10].  It  should  be  noted  that  dimensionless  sheath 
edge  potential  is  independent  of  ion  and  electron  reflectivities 
and  ion-to-electron  mass  ratio  (11). 

The  effects  of  ion  and  electron  reflectivities,  ion-to-electron 
mass  ratio,  charge  number,  and  electron-to-ion  temperature 
ratio  at  the  presheath  edge  on  dimensionless  wall  potential 
are  shown  in  Fig.  3.  Dimensionless  wall  potential  decreases 
with  increasing  electron  reflectivity  and  charge  number  and 
decreasing  ion  reflectivity,  ion-to-electron  mass  ratio,  and 
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Fig.  2.  Dimensionless  sheath  edge  potential  (xb)  versus  product  of  charge 
number  with  electron-to-ion  temperature  ratio  at  presheath  edge  {Zik). 
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Fig.  3.  Dimensionless  wall  potential  (x^y)  versus  ion  reflectivity  (p)  for 
different  electron  reflectivities  (pe),  ion-to-electron  mass  ratios  (M),  charge 
numbers  (Zi),  and  electron-to-ion  temperature  ratios  at  presheath  edge  (k). 

electron-to-ion  temperature  ratio  at  the  presheath  edge,  re¬ 
spectively.  An  increase  in  charge  number  and  decreases  in 
ion  reflectivity,  ion-to-electron  mass  ratio,  and  electron-to-ion 
temperature  ratio  at  the  presheath  edge  increase  ion  current. 
In  view  of  the  floating  wall,  the  corresponding  increase  of 
electron  current  is  achieved  by  reducing  dimensionless  wall 
potential.  An  increase  in  electron  reflectivity  reduces  electron 
current.  This  leads  to  a  decrease  of  dimensionless  wall  potential 
to  reduce  ion  current.  Dimensionless  wall  potential  is  found 
to  increase  rapidly  for  a  large  ion  reflectivity.  It  is  noted  that 
the  effect  of  charge  number  on  wall  potential  is  contradictory 
to  the  simple  estimation  presented  by  Emmert  et  al.  [10]  and 
the  computation  from  Procassini  et  al.  [20],  but  it  is  consistent 
to  the  analytical  derivation  from  Emmert  et  al.  [10].  For  a 
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Fig.  4.  Spatial  variations  of  dimensionless  ion  density  («*),  fluid  velocity 
(u*),  mean  pressure  (pi),  and  fluid-like  viscous  stress  (r*)  and  conduction 
{q*)  in  presheath  for  different  ion  reflectivities  (p). 

completely  absorbing  wall,  dimensionless  wall  potential  yields 
2.965,  which  is  identical  to  that  obtained  by  Emmert  et  ai  [10] 
and  Scheuer  and  Emmert  [21]. 

Spatial  variations  of  dimensionless  ion  transport  variables  in 
the  presheath  for  different  ion  reflectivities  are  shown  in  Fig.  4. 
The  abscissa  is  dimensionless  potential  to  represent  the  .r-coor- 
dinate.  Dimensionless  potentials  of  0  and  0.404  are  referred  to 
the  presheath  and  sheath  edges,  respectively.  It  can  be  seen  that 
dimensionless  ion  density  decreases  and  fluid  speed  increases 
in  the  forward  direction.  Interestingly,  ion  density  as  a  function 
of  potential  is  independent  of  ion  reflectivity  (12).  A  decrease  in 
ion  reflectivity  increases  fluid  speed  because  of  an  increase  in 
the  first  moment  of  the  ion  distribution  function  [13],  For  zero 
ion  reflectivity,  dimensionless  fluid  speed  at  the  sheath  edge  is 
1.32,  which  is  identical  to  the  collisionless  kinetic  result  and  is 
approximately  equal  to  1.36  for  a  collisionless  fluid  model  and 
1.38  for  collisional  fluid  model,  as  proposed  by  Scheuer  and 
Emmert  [7].  From  a  kinetic  viewpoint,  mean  pressure  or  kinetic 
temperature  is  an  indication  of  the  averaged  kinetic  energy  rel¬ 
ative  to  local  velocity  of  fluid  (3).  In  other  words,  mean  pres¬ 
sure  is  the  second  moment  of  the  distribution  function.  An  in¬ 
crease  in  fluid  velocity  in  the  forward  direction  reduces  mean 
pressure  because  of  a  decrease  in  the  second  moment  of  the 
distribution  function.  From  a  fluid  mechanics  viewpoint,  fluid 
velocity  is  increased  by  decreasing  mean  pressure  in  the  for¬ 
ward  direction.  Mean  pressure  is  reduced  by  decreasing  ion  re¬ 
flectivity  as  a  result  of  an  increase  in  fluid  velocity.  In  order  to 
induce  high  fluid  velocity,  fluid-like  viscous  stress  acting  as  a 
driving  force  increases  monotonically  in  the  forward  direction 
for  zero  ion  reflectivity.  On  the  other  hand,  fluid-like  viscous 
stress  retards  fluid  flow  for  ion  reflectivity  of  0.5.  Fluid  speed 
can  be  decreased  by  increasing  either  mean  pressure  or  magni¬ 
tude  of  negative  viscous  stress  in  the  forward  direction.  Hence, 
for  ion  reflectivity  of  0.5,  the  increase  of  fluid  speed  reduces 
when  mean  pressure  and  viscous  stress  become  retarding  forces. 


Fig.  5.  Spatial  variations  of  dimensionless  ion  density  (//■),  fluid  speed  ((/■ ), 
mean  pressure  {p* ),  and  fluid-like  viscous  stress  (r* )  and  conduction  {q* )  in 
sheath  for  different  ion  reflectivities  (p)* 

Fluid-like  conduction  representing  kinetic  energy  flux  ob¬ 
served  from  a  local  fluid  element  is  the  third  moment  of  a  distri¬ 
bution  function  (5).  Regardless  of  ion  reflectivity,  fluid-like  con¬ 
duction  near  the  presheath  edge  is  negative  because  of  a  rapid 
increase  in  fluid  speed  from  zero.  For  ion  reflectivity  of  0.5, 
the  magnitude  of  negative  conduction  increases  monotonically 
in  the  forward  direction.  Hence,  fluid-like  conduction  directs 
toward  bulk  plasma  in  high  temperature.  The  same  result  was 
found  and  discussed  by  Scheuer  and  Emmert  [7].  For  zero  ion 
reflectivity,  negative  fluid-like  conduction  has  a  minimum  value 
and  reaches  small  positive  values  near  the  sheath  edge.  Because 
most  forward-moving  ions  reach  high  speeds,  the  third  moment 
increases. 

Similar  variations  of  dimensionless  transport  variables  of  the 
ions  in  the  sheath  for  different  ion  reflectivities  are  presented  in 
Fig.  5.  It  should  be  noted  that  for  zero  ion  reflectivity,  dimen¬ 
sionless  fluid  speed  increases  from  the  sound  speed  1.32  satis¬ 
fying  the  Bohm  criterion  to  hypersonic  value  of  around  2.8  at  the 
wall.  Considering  a  hydrogen  plasma  at  5000  K,  fluid  speed  hit¬ 
ting  the  wall  is  at  a  surprisingly  high  value  of  around  1.8  x  10"^ 
m/s.  In  the  case  of  zero  ion  reflectivity,  instead  of  the  mono¬ 
tonic  decrease,  mean  pressure  near  the  wall  becomes  increasing 
for  ion  reflectivity  of  0.5.  Fluid-like  conduction  directs  from  the 
wall  to  the  presheath  for  ion  reflectivity  of  0.5,  even  though  tem¬ 
perature  of  plasma  is  higher  than  that  of  wall  [7].  Referring  to 
Figs.  4  and  5,  dimensionless  ion  density,  fluid  speed,  and  poten¬ 
tials  at  the  sheath  edge  and  wall  are,  respectively,  —  0.667, 
=  1.320,  Xb  =  0.404,  and  Xw  =  2.965,  which  are,  respec¬ 
tively,  identical  to  those  obtained  by  Emmert  et  ai  [10],  Scheuer 
and  Emmert  [21],  and  Bissell  et  ai.  [6]. 

The  variations  in  dimensionless  transport  variables  of  the 
ions  at  the  wall  with  ion  reflectivity  for  different  charge 
numbers  are  shown  in  Fig.  6.  It  can  be  seen  that  in  view  of  a 
decrease  in  dimensionless  wall  potential,  an  increase  in  charge 
number  results  in  a  decrease  of  dimensionless  ion  density 
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Fig.  6.  Dimensionless  ion  density  fluid  speed  mean  pressure 

and  fluid-like  viscous  stress  (t*^)  and  conduction  at  wall  versus 
ion  reflectivity  (p)  for  different  charge  numbers  (Zi). 

at  the  wall.  To  balance  electric  current,  fluid  speed  of  ions 
increases  with  charge  number.  Because  fluid  speed  increases, 
dimensionless  mean  pressure  and  negative  fluid-like  viscous 
stress  decrease  magnitudes  with  increasing  charge  number. 
Small  ion  reflectivity  and  charge  number,  however,  result  in 
positive  fluid-like  viscous  stress.  Except  for  the  case  of  small 
ion  reflectivity,  fluid-like  conduction  on  the  wall  is  toward  the 
plasma.  Interestingly,  magnitude  of  dimensionless  fluid-like 
conduction  reaches  the  maximum  near  ion  reflectivity  of  0.3. 
Fluid-like  conduction  is  insignificant  to  the  variations  of  charge 
number. 

The  effects  of  ion-to-electron  mass  ratio  on  dimensionless 
transport  variables  of  the  ions  at  the  wall  are  shown  in  Fig.  7. 
The  variations  of  transport  variables  are  reduced  by  increasing 
ion-to-electron  mass  ratio.  In  most  cases,  the  effects  of 
ion-to-electron  mass  ratio  on  transport  variables  can  be  ignored 
(45)-(49).  An  increase  in  ion-to-electron  mass  ratio  increases 
fluid  speed  as  a  result  of  an  increase  in  dimensionless  wall 
potential  (see  Fig.  3).  Ion  density,  therefore,  reduces  to  balance 
electric  current.  Mean  pressure  and  fluid-like  viscous  stress 
decrease  slightly  by  increasing  ion-to-electron  rnass  ratio  for 
zero  ion  reflectivity.  On  the  other  hand,  for  ion  reflectivity  of 
0.5,  mean  pressure  and  negative  fluid-like  conduction  increase 
their  magnitudes  with  ion-to-electron  mass  ratio.  The  effects 
of  electron-to-ion  temperature  ratio  at  the  presheath  edge  on 
transport  variables  of  the  ions  at  the  wall  for  different  ion  re¬ 
flectivities  are  shown  in  Fig.  8.  All  transport  variables  gradually 
decrease  their  magnitudes  as  electron-to-ion  temperature  ratio 
at  the  presheath  edge  increases. 

Dimensionless  transport  variables  of  the  electrons  versus 
potential  across  the  sheath  for  different  ion  reflectivities  are 
shown  in  Fig.  9.  Regardless  of  ion  reflectivity,  dimensionless 
electron  density  decreases  in  the  forward  direction  because 
of  increased  dimensionless  potential.  To  maintain  electron 
current,  fluid  speed  increases.  Fluid  speed  is  high  for  zero  ion 
reflectivity.  Even  though  electric  field  retards  forward-moving 


Fig.  7.  Dimensionless  ion  density  fluid  speed  mean  pressure 

and  fluid-like  viscous  stress  (r/^)  and  conduction  at  wall  versus 
ion-to-electron  mass  ratio  (M)  for  different  ion  reflectivities  (p). 


Fig.  8.  Dimensionless  ion  density  fluid  speed  mean  pressure 

(Piw)'  and  fluid-like  viscous  stress  (r*^)  and  conduction  at  wall 

versus  electron-to-ion  temperature  ratio  at  presheath  edge  (k)  for  different  ion 
reflectivities  (p). 

electrons,  fluid  speed  of  electrons  is  much  higher  than  that  of 
ions.  Kinetically  speaking,  decreases  in  density,  mean  pressure, 
and  fluid-like  viscous  stress  are  attributed  to  decreases  in  the 
moments  of  the  electron  distribution  function.  In  contrast  to 
ions,  fluid-like  conduction  of  electrons  directs  to  the  wall. 

The  effects  of  electron  reflectivity  and  charge  number  on 
dimensionless  transport  variables  of  the  electrons  at  the  wall  are 
shown  in  Fig.  10.  An  increase  in  electron  reflectivity  increases 
density  and  mean  pressure,  and  it  decreases  fluid  speed  and 
fluid-like  viscous  stress.  Fluid-like  conduction  is  changed 
from  slightly  positive  to  negative  by  increasing  electron  re¬ 
flectivity.  Fig.  11  shows  the  variations  in  transport  variables 
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Fig.  9.  Spatial  variations  of  dimensionless  electron  density  (//*),  fluid  speed 
(?/*),  mean  pressure  (p*,),  and  fluid-like  viscous  stress  (r*)  and  conduction 
(ry*)  in  sheath  for  different  ion  reflectivities  (/>). 


Fig.  10.  Dimensionless  electron  density  speed  (»*„.),  mean 

pressure  and  fluid-like  viscous  stress  )  and  conduction  )  at 

wall  versus  electron  reflectivity  {pc )  for  different  charge  numbers  (Z, ). 

of  the  electrons  at  the  wall  with  ion-to-electron  mass  ratio 
for  different  electron  reflectivities.  In  contrast  to  fluid  speed, 
electron  density,  mean  pressure,  and  fluid-like  viscous  stress 
decrease  with  increasing  ion-to-electron  mass  ratio.  The  effect 
of  ion-to-electron  mass  ratio  on  conduction  is  insignificant. 
However,  the  directions  of  fluid-like  conduction  are,  respec¬ 
tively,  positive  and  negative  for  electron  reflectivities  of  0  and 
0.5.  The  variations  in  dimensionless  transport  variables  of  the 
electrons  at  the  wall  with  electron-to-ion  temperature  ratio  at 
the  presheath  edge  for  different  electron  reflectivities  are  shown 
in  Fig.  12.  Fluid  speed,  mean  pressure,  and  fluid-like  viscous 
stress  gradually  decreases  with  increasing  electron-to-ion  tem¬ 
perature  ratio  at  the  presheath  edge.  Interestingly,  fluid  speed 
is  independent  of  the  variation  of  electron-to-ion  temperature 


Fig.  11.  Dimensionless  electron  density  ),  fluid  .speed  mean 

pressure  {pl„,)'  fluid-like  viscous  stress  (r!„, )  and  conduction  {q*,,,)  at 
wall  versus  ion-to-electron  mass  ratio  {M)  for  diflcrcnt  electron  reflectivities 
ifK  ). 


Fig.  12.  Dimensionless  electron  density  fitii<^i  speed  mean 

pressure  {Peu-)^  fluid-like  viscous  stress  )  and  conduction  at 

wall  versus  electron-to-ion  temperature  ratio  at  prcshcath  edge  (/>  )  for  different 
electron  reflectivities  {p,  ). 

ratio  at  the  presheath  edge  (51).  The  effect  of  electron-to-ion 
temperature  ratio  at  the  presheath  edge  on  fluid-like  conduction 
is  slight. 

Comparisons  of  the  ratios  of  transport  variables  at  a  loca¬ 
tion  in  the  sheath  and  sheath  edge  versus  electrostatic  poten¬ 
tial  predicted  from  Schwager  and  Birdsall  [9]  and  this  work 
for  a  completely  absorbing  wall  are  shown  in  Fig.  13.  Curves 
cannot  be  distinguished  by  choosing  grid  points  of  100  and  400. 
It  can  be  seen  that  agreement  is  good,  except  the  results  near  the 
wall.  Similar  results  for  the  electrons  are  shown  in  Fig.  14.  The 
present  work,  therefore,  provides  consistent  predications  for  the 
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Fig.  13.  Comparisons  of  ratios  of  ion  densities  fluid  velocities 

fluid-like  conduction  (^*7^*5),  and  differences  between  mean 
pressure  and  fluid-like  viscous  stress  {(p*  —  T*)l{p’l^  —  r/j,))  at  locations  in 
sheath  and  sheath  edge  versus  potential  obtained  from  numerical  result  [9]  and 
this  work. 


Fig.  14.  Comparisons  of  ratios  of  electron  densities  (n* fluid  velocities 
(u*/u*b),  fluid-like  conduction  (^*7 ^*5),  and  differences  between  mean 
pressure  and  fluid-like  viscous  stress  ((p*  —  T*)/(p*b  —  T*b))  at  locations 
in  sheath  and  sheath  edge  versus  potential  obtained  from  numerical  result  [9] 
and  this  work. 


transport  variables  of  the  ions  and  electrons  from  the  presheath 
edge,  across  the  presheath  and  sheath,  and  to  the  wall, 

IV.  Conclusion 

In  this  work,  accurate  prediction  of  transport  processes  in  the 
plasma  comprising  the  presheath  and  sheath  near  a  wall  can  be 
revealed  from  the  successful  model  of  Emmert  et  ai  [10],  exper¬ 
imental  verifications  for  the  ion  distribution  functions  from  Ba- 


chet  et  ai  [22],  and  computed  results  from  Schwager  and  Bird- 
sail  [9],  respectively.  The  conclusions  drawn  are  as  follows. 

1)  Independent  dimensionless  parameters  controlling 
transport  processes  in  the  plasma  near  a  wall  partially 
reflecting  ions  and  electrons  are  reflectivities  of  ions 
(p)  and  electrons  (pe),  ion-to-electron  mass  ratio  (M), 
charge  number  (Zj),  and  electron-to-ion  temperature 
ratio  at  the  presheath  edge  («;). 

2)  Understanding  the  moments  of  a  highly  non- 
Maxwell-Boltzmann  distribution  is  necessary  to  in¬ 
terpret  transport  processes  near  the  wall.  All  transport 
variables  near  a  wall  partially  reflecting  ions  and  elec¬ 
trons  are  independent  of  spatial  variations  in  ion  source 
and  temperature,  etc.,  by  choosing  potential  as  an  inde¬ 
pendent  variable.  Dimensionless  sheath  edge  potential, 
which  is  independent  of  ion  and  electron  reflectivities 
and  ion-to-electron  mass  ratio,  only  increases  with  the 
product  of  charge  number  and  electron-to-ion  temper¬ 
ature  ratio  at  the  presheath  edge.  Dimensionless  wall 
potential  increases  with  decreasing  charge  number  and 
electron  reflectivity  and  increasing  ion  reflectivity,  elec¬ 
tron-to-ion  temperature  ratio  at  the  presheath  edge,  and 
ion-to-electron  mass  ratio. 

3)  Ion  density  as  a  function  of  potential  is  independent  of 
ion  reflectivity.  Irrespective  of  ion  reflectivity,  ion  den¬ 
sity  decreases  and  fluid  velocity  increases  in  the  direction 
toward  the  wall.  Mean  pressure  decreases  in  the  forward 
direction,  except  for  a  slight  increase  in  the  sheath  near 
the  wall  with  an  ion  reflectivity  of  0.5.  An  increase  in  ion 
reflectivity  reduces  fluid  velocity  and  increases  fluid-like 
mean  pressure.  Fluid-like  viscous  stresses  are,  respec¬ 
tively,  driving  and  retarding  forces  for  ion  reflectivities 
of  0  and  0.5.  Regardless  of  ion  reflectivity,  fluid-like  con¬ 
duction  of  the  ions  near  the  presheath  edge  is  toward  bulk 
plasma.  Fluid-like  conduction  at  the  sheath  edge  directs 
toward  the  wall  and  bulk  plasma  for  ion  reflectivities  of 
0  and  0.5,  respectively.  Fluid-like  conduction  to  the  com¬ 
pletely  absorbing  wall  is  small. 

4)  The  wall  conditions  of  the  ions  affected  by  dimensionless 
parameters  are  summarized  as  follows. 

a)  An  increase  in  charge  number  reduces  ion  density. 
Increases  of  ion  reflectivity,  ion-to-electron  mass  ratio, 
and  electron-to-ion  temperature  ratio  at  the  presheath 
edge  slightly  decrease  ion  density. 

b)  Fluid  speed  is  increased  by  decreasing  ion  re¬ 
flectivity  and  electron-to-ion  temperature  ratio  at  the 
presheath  edge,  and  increasing  charge  number  and 
ion-to-electron  mass  ratio. 

c)  Mean  pressure  decreases  with  increasing  charge 
number  and  electron-to-ion  temperature  ratio  at  the 
presheath  edge  and  with  reducing  ion  reflectivity.  An 
increase  in  ion-to-electron  mass  ratio  increases  and 
decreases  mean  pressure  for  ion  reflectivity  of  0.5  and  0, 
respectively. 

d)  Fluid-like  viscous  stress  for  a  wall  having  small  ion 
reflectivity  acts  as  a  driving  force  with  magnitude  in¬ 
creasing  with  decreasing  charge  number,  ion  reflectivity. 
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ion-to-electron  mass  ratio,  and  electron-to-ion  tempera¬ 
ture  ratio  at  the  presheath  edge.  Otherwise,  viscous  stress 
is  a  retarding  force  with  magnitude  increasing  with  re¬ 
ducing  charge  number  and  electron-to-ion  temperature 
ratio  at  the  presheath  edge  and  with  increasing  ion  reflec¬ 
tivity  and  ion-to-electron  mass  ratio. 

(e)  Fluid-like  conduction  is  in  forward  direction  for 
ion  reflectivities  near  zero.  The  effects  of  other  dimen¬ 
sionless  parameters  on  fluid-like  conduction  are  insignif¬ 
icant.  Conduction  toward  the  plasma  increases  and  then 
decreases  in  magnitude  with  increasing  ion  reflectivity. 
The  maximum  value  occurs  at  ion  reflectivity  around  0.3. 
An  increase  in  ion-to-electron  mass  ratio  and  a  decrease 
in  electron-to-ion  temperature  ratio  at  the  presheath  edge 
increases  the  magnitude  of  conduction  toward  the  plasma. 
The  effect  of  charge  number  on  conduction  is  slight. 

5)  Electron  density,  mean  pressure,  and  fluid-like  vi.scous 
stress  decrease,  whereas  fluid  speed  increases  in  the  di¬ 
rection  toward  the  wall.  The  fluid-like  viscous  stress  be¬ 
comes  a  driving  force.  The  wall  conditions  of  the  elec¬ 
trons  affected  by  dimensionless  parameters  are  summa¬ 
rized  as  follows. 

a)  Electron  density  and  mean  pressure  increase  with 
decreasing  ion-to-electron  mass  ratio  and  electron-to-ion 
temperature  ratio  at  the  presheath  edge  and  with  in¬ 
creasing  electron  reflectivity  and  charge  number. 

b)  Fluid  speed  decreases  with  increasing  electron 
reflectivity  and  with  decreasing  ion-to-electron  mass 
ratio.  Fluid  speed  is  independent  of  the  variation  in 
electron-to-ion  temperature  ratio  at  the  presheath  edge. 

c)  Fluid-like  viscous  stress  decreases  with  increasing 
ion-to-electron  mass  ratio,  electron  reflectivity,  and  elec¬ 
tron-to-ion  temperature  ratio  at  the  presheath  edge  and 
with  decreasing  charge  number. 

d)  Fluid-like  conduction  is  negligibly  small.  Except  for 
small  electron  reflectivities,  fluid-like  conduction  is  to¬ 
ward  the  plasma.  The  effects  of  other  dimensionless  pa¬ 
rameters  on  fluid-like  conduction  are  insignificant. 

Appendix 

The  following  integrals  are  used  for  integration: 
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Distribution  Functions  of  Positive  Ions  and  Electrons 

in  a  Plasma  Near  a  Surface 

Peng-vSheng  Wei,  Memhen  IEEE,  Feng-Bin  Yeh,  and  Ching-Ycn  Ho 


Abstract — In  this  study,  the  velocity  distribution  functions  of 
the  ions  and  electrons  in  a  collisional  presheath  and  collisionless 
sheath  of  a  plasma  near  a  wall  emitting  and  reflecting  ions  and  elec¬ 
trons  are  systematically  determined.  The  collisions  in  the  presheath 
are  modeled  by  a  relaxation  time  approximation  (namely,  Bhat- 
nagar-Gross-Krook  model,  or  simply  BGK  model).  To  find  the 
variation  in  electrostatic  potential  with  position,  the  model  and 
analysis  from  Emmert  et  a/. are  used.  Distribution  functions  of  the 
ions  and  electrons  in  a  collisionlcss  presheath  and  sheath  on  a  wall 
partially  reflecting  ions  and  electrons,  therefore,  can  be  exactly  ob¬ 
tained.  The  reflections  of  the  ions  and  electrons  by  a  wall  play  im¬ 
portant  roles  in  studying  heat  transfer  from  a  plasma  sheath  to  a 
workpiece  surface,  and  sputter  etching  and  deposition,  ion  implan¬ 
tation,  and  ion  scattering  spectroscopy.  Irrespective  of  ion  and  elec¬ 
tron  reflectivities,  velocities  of  the  ions  in  the  presheath  and  sheath 
are  of  highly  non-Max well-Boltzmann  distributions.  The  electrons 
in  the  presheath  are  close  to  Maxwell-Boltzmann  distributions, 
whereas  those  in  the  sheath  are  non-Maxwell-Boltzmann  distri¬ 
butions.  Even  though  the  wall  partially  reflects  ions  and  electrons, 
the  Bohm’s  criterion  is  marginally  satisfied  at  the  sheath  edge.  The 
computed  distribution  functions  for  a  completely  absorbing  sur¬ 
face  agree  with  theoretical  results  provided  in  the  literature.  Good 
comparison  of  the  resulted  transport  variables  with  available  ana¬ 
lytical  work  is  presented  in  the  companion  paper. 

Index  Terms — Kinetic  analysis  of  plasma,  plasma  materials  pro¬ 
cessing,  plasma-wall  interactions,  space  charge. 


Nomenclature 

c  Particle  thermal  speed,  c*  = 

Co 

D  Dawson  function,  as  defined  in  (40). 

e  Electron  charge. 

/,  F,  g  Ion  distribution  function,  F*  F(A:i^Tc.o/77G  )^^^/ 
ricQ. 

H  Heaviside  function,  H{x)  =  1  for.?:  >  0;  H{x)  =  0 

for  X  <  0. 

/,  K  Function  defined  in  (37)  and  (32). 

ks  Boltzmann  constant. 

m  Particle  mass. 

n  Particle  density,  n*  —  n/uco. 

S  Ion  source,  defined  in  (30). 

T  Temperature. 
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X,  y.  z  Cartesian  coordinate. 

Z  Charge  number. 


Greek  Letters 

ft  Collision  parameter. 

£  Total  energy. 

K  TrofTn). 

f)  Reflectivity. 

(T 

(j>.X  Dimensional  and  dimensionless  potential, 

A'  = 

Xt  =  —iii.;fl/{2ZihjiT,())  +  X- 

Et  Zi(’(j). 

A  Mean  free  path. 

Superscript 

*  Dimensionless  quantity. 


Subscript 


h  Boundary  between  sheath  and  presheath. 

c,i  Electron  and  ion. 

t  Turning  point. 

w  Wall. 

0. 1  Coordinate  origin  at  ft  =  0  and  sheath  edge,  as 

illustrated  in  Fig.  1. 


I.  Introduction 

The  plasma  induced  in  metals  processing  is  usually  accom¬ 
panied  by  strong  momentum  and  energy  transport  near  the 
workpiece  surface.  Owing  to  different  thermal  speeds  of  the  ions 
and  electrons,  a  sheath  or  space-charge  region  in  a  thin  layer  ex¬ 
ists  on  the  surface  [1].  The  function  of  the  sheath  is  to  form  a 
potential  barrier  so  that  the  flux  of  electrons  that  have  enough 
energy  to  go  over  the  barrier  to  the  wall  is  just  equal  to  the  llux 
of  ions  reaching  the  wall.  Regardless  of  the  Debye  shielding, 
small  electrostatic  potential  in  the  presheath  between  the  sheath 
and  bulk  plasma  still  accelerates  the  ions  up  to  and  beyond  sonic 
speed  before  entering  the  sheath,  as  first  explicitly  pointed  out 
by  Bohm  [2]. 

An  accurate  study  of  transport  processes  for  a  plasma  near  a 
wall  requires  a  kinetic  analysis,  that  is,  to  solve  velocity  distribu¬ 
tion  functions  of  the  ions  and  electrons  from  Boltzmann’s  equa¬ 
tions  coupled  with  Poisson’s  equation.  One  of  the  earliest  ki¬ 
netic  analyzes  of  a  bounded,  quasineutral,  collisionless  plasma 
for  a  gaseous  discharge  was  performed  by  Tonks  and  Lang¬ 
muir  [3].  An  integrodifferential  plasma  equation  for  a  planar, 
cylindrical,  and  spherical  plasma  consisting  of  warm  electrons 
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(Tg  /  0)  and  cool  and  cold  ions  {TijTe  <  1  and  Ti  ~  0) 
by  choosing  different  ion  source  functions  was  derived.  The  so¬ 
lutions  were  found  in  series  of  infinitesimal  Debye  length  for 
various  ratios  of  ion  mean-free  path  to  characteristic  length  of 
the  plasma  [4].  The  collision-free  low-pressure  column  was  ex¬ 
perimentally  confirmed  by  the  free  fall  of  the  ions  originating 
from  ionization  of  the  cold  neutrals. 

Harrison  and  Thompson  [5]  solved  exactly  the  plasma  equa¬ 
tion  obtained  from  Tonks  and  Langmuir  [3]  by  introducing  an 
ion  source  function  indicating  that  all  ions  were  generated  with 
zero  speed.  Interestingly,  the  resulted  potential  and  current  den¬ 
sity  at  the  sheath  edge  were  found  to  be  independent  of  spatial 
variations  in  ion  sources.  Rather  than  the  monoenergetic  distri¬ 
bution  at  ion  temperature  Ti  =  0  as  used  by  Bohm  [2],  they 
found  a  generalized  Bohm’s  criterion,  which  was  valid  for  any 
velocity  distribution  of  ions  at  the  sheath  edge. 

The  first  model  to  study  warm  ions  in  a  presheath  was  pro¬ 
posed  by  Hu  and  Ziering  [6],  who  assumed  that  velocities  of  the 
ions  at  the  plasma-sheath  interface  were  of  accelerated,  cutoff, 
and  drifted  Maxwell-Boltzmann  distributions.  The  results  lead 
to  another  generalized  Bohm  sheath  criterion,  which  reduced  to 
the  Bohm’s  original  inequality  in  the  limit  Tjo/Teo  — ^  0,  Em- 
mert  et  al  [7]  extended  the  analysis  of  Hu  and  Ziering  [6]  to 
obtain  a  more  realistic  noncutoff  ion  distribution  function  in  a 
collisionless  presheath  near  a  completely  absorbing  and  floating 
wall.  The  ion  source  function  was  chosen  such  that  the  ions 
would  be  of  a  Maxwell-Boltzmann  distribution  in  the  absence 
of  electrostatic  field.  Because  no  ions  were  produced  with  zero 
speed  in  this  model,  this  study  first  successfully  confirmed  that 
the  ions  were  satisfied  by  a  finite  electrostatic  field  and  gen¬ 
eralized  Bohm  criterion  at  the  sheath  edge  [8],  [9].  Physically 
speaking,  the  ions  must  be  accelerated  from  their  initial  speeds 
by  the  electric  field.  Provided  that  the  ions  were  generated  with 
zero  speed  under  charge  neutrality,  the  electric  field  at  the  sheath 
edge  would  become  infinitely  large  to  force  the  ions  to  reach  a 
sonic  speed  [8].  Surprisingly,  in  the  limit  of  infinitesimal  ratio 
of  the  Debye  length  to  macroscopic  length  of  the  system,  the  re¬ 
sulting  “warm”  plasma  equation  by  a  transformation  became  the 
“cold”  plasma  equation  treated  by  Harrison  and  Thompson  [5]. 
Potential  ion  and  total  energy  fluxes  at  the  sheath  edge,  there¬ 
fore,  were  analytically  and  exactly  found.  Aside  from  the  po¬ 
tential  curve  cutoff  at  a  new  sheath  edge,  the  predicted  mass 
and  total  energy  fluxes  were  different  from  those  obtained  from 
a  half-space  Maxwell-Boltzmann  distribution. 

Bachet  et  al  [10]  measured  the  ion  distribution  functions  of 
an  argon  plasma  at  pressures  of  0.08  and  0.013  Pa  and  densities 
between  10^^  and  10^^  particles/m^  with  a  laser-induced  flu¬ 
orescence.  The  experimental  findings  showed  good  agreement 
with  the  solutions  of  Emmert  et  al  [7]  by  adjusting  ion  temper¬ 
atures  between  2000  and  43  000  K  in  a  trend  decreasing  with 
distance  from  the  wall.  It  was  observed  that  the  ion  distribution 
function  at  any  location  in  the  presheath  can  be  divided  by  three 
parts  agreeing  with  the  prediction  made  by  Emmert  et  al  [7]. 
The  first  part  was  referred  to  the  ions  coming  from  the  presheath 
edge  and  the  ions  created  in  the  presheath.  The  middle  part  was 
for  the  low-energy  ions  generated  with  positive  velocities  in  the 
backward  region  and  negative  velocities  in  the  entire  presheath. 
The  left  part  was  composed  of  high-energy  ions  originated  with 


negative  velocities  in  the  forward  region.  Although  the  ion  dis¬ 
tribution  functions  were  consistent,  temperatures  of  ions  should 
be  around  the  ambient  temperature  as  presented  by  Goeckner  et 
al  [11].  One  possible  reason  for  this  discrepancy  is  a  neglect  of 
ion-neutral  collisions. 

In  this  study,  general  velocity  distribution  functions  of  the 
ions  and  electrons  in  a  collisional  presheath  and  collisionless 
sheath  of  a  plasma  near  a  wall  emitting  and  reflecting  ions  and 
electrons  are  derived.  Extending  the  model  and  analysis  from 
Emmert  et  al  [7]  to  find  the  variation  in  electrostatic  potential 
with  position,  distribution  functions  of  the  ions  and  electrons  in 
a  collisionless  presheath  and  sheath  on  a  wall  partially  reflecting 
ions  and  electrons  can  be  obtained.  The  reflections  of  the  ions 
and  electrons  play  important  roles  in  studying  heat  transfer  from 
a  plasma  sheath  to  a  workpiece  [12]  and  sputter  etching  and  de¬ 
position,  ion  implantation,  and  a  technique  known  as  ion  scat¬ 
tering  spectroscopy  [13].  Transport  variables  of  ions  and  elec¬ 
trons  in  the  plasma  near  the  wall  can  be  accurately  obtained 
from  the  moments  of  the  distribution  functions  in  the  companion 
paper  [14]. 


II.  Kinetic  Model  and  Analysis 

The  plasma  comprising  the  bulk  plasma,  presheath,  and 
sheath  near  walls  is  illustrated  in  Fig.  1.  The  origin  of  the  co¬ 
ordinate  is  conveniently  set  at  the  edge  of  the  presheath  or  bulk 
plasma,  where  electrostatic  potential  is  zero.  The  quasineutral 
presheath  is  an  ionization  zone  to  supply  ions  lost  to  walls.  Be¬ 
cause  electrostatic  potential  decreases,  the  ions  in  the  positive 
a7-direction  are  accelerated,  whereas  backward-moving  ions  are 
decelerated.  The  decelerated  ions  with  total  energy  less  than 
zero  experience  turning.  On  the  other  hand,  the  electrons  in  the 
positive  direction  need  to  overcome  potential.  An  electron  with 
the  total  energy  less  than  wall  potential  turns  to  the  presheath 
before  hitting  the  wall.  In  this  study,  the  major  assumptions 
made  are  as  follows. 

1)  Transport  processes  in  the  presheath  and  sheath  can 
be  considered  in  a  quasisteady  state  [1],  [7],  [13].  In 
reality,  this  is  only  the  average  result  of  the  many  detailed 
interactions  among  particle-particle,  wave-particle,  and 
wave-wave,  such  as  plasma  oscillations,  oscillations  of 
kinetic,  two-stream  and  parametric  decay  instabilities, 
and  the  effects  of  Landau  damping,  and  so  on  [1].  The 
electrostatic  potential  can  also  have  spatial  and  temporary 
oscillations  and  trap  particles.  In  practice,  dissipative 
processes  tend  to  destroy  oscillations. 

2)  The  ion  collisions  are  simulated  a  relaxation  time  approx¬ 
imation  as  first  proposed  by  the  Bhatnagar-Gross-Krook 
(BGK)  model  [15]  to  replace  the  complicated  collision 
integral.  The  BGK  model  treating  a  binary  collision  sim¬ 
plifies  the  mathematical  manipulation  but  retains  many 
of  the  features  of  the  true  collision  integral.  The  colli¬ 
sion  model  needs  to  satisfy  conservation  of  particle,  mo¬ 
mentum,  and  energy.  When  a  charged  particle  undergoes 
a  large  number  of  small  deflections  in  the  force  field  of 
many  charged  particles,  a  more  realistic  and  complicated 
Fokker-Planck  collision  term  can  be  used. 
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Fig.  1.  System  model  and  coordinates. 


3)  Electromagnetic  force  (namely,  Lorentz  force)  is  ignored. 
This  is  valid  for  the  cases  in  which  magnetic  field  is  neg¬ 
ligible  or  the  direction  of  magnetic  lines  is  parallel  to  the 
ion  flow.  Neglect  of  the  magnetic  field  is  due  to  a  greater 
Larmor  radius  than  the  thickness  of  the  presheath.  Larmor 
radius  is  a  measure  of  the  radius  of  the  helical  path  of  a 
charged  particle.  For  a  typical  magnetic  flux  density  less 
than  0. 1  tesla  [16],  Larmor  radius  is  greater  than  5  x 

m. 

4)  Reflectivities  of  electrons  and  ions  are  constant  and  inde¬ 
pendent  of  energy. 


tribution  function  and  source  function  of  ions  in  (3)  are,  respec¬ 
tively,  defined  as 


9{x,e,a)  = 


(TFi{x,  (?.,.) 

TO,- 


-  Si{x,c,y-^ 


Sjjx,  C  .jr) 
(TTriiC,. 


(5) 


B.  Presheath 

To  determine  ion  distribution  functions  in  the  presheath,  (3) 
can  be  written  as 


A.  Ion  Distribution  Functions 


With  the  above  assumptions,  the  Boltzmann  equation  inte¬ 
grated  over  velocity  component  Cy  and  yields 


dx 


Zje  dcj)  dFj 
rrii  dx 


=  Si{x,  Cj:)  +  i^{Fio  -  Fi) 


(1) 


where  the  ion  distribution  function  and  source  terms  are 


Fi{x. 

pOO 

,Cx)=  1  fidcydc^ 

Si{x. 

poo 

)  Ux )  —  /  Si  dcy  dcz . 

—  oo 

(2) 

The  last  term  on  the  right-hand  side  of  (1)  represents  collisions 
simulated  by  the  BGK  model  [15],  [17],  where  u  is  collision 
frequency,  and  distribution  function  Fio  is  the  Maxwell-Boltz- 
mann  distribution  function.  Equation  (1)  can  be  conveniently 
expressed  by  independent  variables  of  position  x  and  total  en¬ 
ergy  e 


d 

L|cx|.9L-,  e,  o)]  =  e,  a)  +  — - —  (Fm  -  Fi)  (3) 

OX  am,iCx 


where  the  total  energy  is 


e  ~  +  Zie(l){x) 


(4) 


Because  energy  is  a  scalar,  the  quantity  a  =  Ca^/lcj^l  is  intro¬ 
duced  to  account  for  the  direction  of  velocity.  The  velocity  dis- 


^  [<T|ca- e,  <t)]  =  A{x,  e,  a)  -  pg{x,  e,  a)  (6) 

where  the  ion  source  function  A  =  Si  F  J>'Fio/{7ni\c,r.\)  is 
symmetric  with  respect  to  zero  velocity,  namely,  A{;x,  e,  -Fl)  — 
A{x.  e,  -1)  [17].  Boundary  conditions  of  (6)  'dYC(]{xi,£,  +1)  = 
^i(e, +1),  and  g{xfj.£^-l)  =  Equation  (6)  can  be 

readily  integrated  to  obtain  the  ion  distribution  function.  Be¬ 
cause  the  ion  distribution  function  also  depends  on  if  positive 
ions  moving  in  the  negative  direction  experience  turning,  two 
different  cases  are  considered  as  follows. 

1)  Ion  distribution  functions  for  total  energy  e  >  0.  The 
distribution  function  of  the  ions  moving  in  the  forward 
direction  yields 

+  r  A{x',e,+l)e-^f^^'-^'^'Ux'  (7) 

J  X]_ 

where  variable  0  represents  the  mean  value  of  collisions 
or  the  reciprocal  of  ion  mean-free  path  within  a  distance 
X.  Equation  (7)  indicates  that  the  ion  distribution  at  loca¬ 
tion  X  is  determined  by  the  ions  of  a  distribution  function 
gi  at  the  boundary  xi  and  the  ions  generated  between  .ti 
and  X.  The  distribution  function  for  negative  velocities  is 

Ic.lflGx-.  e,  -1)  =  g,{e,  -1)  \ 

+  /  A{x/,e,-l)e-^f^^->^^'^'>dx'  (8) 


WEI  et  al  :  DISTRIBUTION  FUNCTIONS  OF  TONS/ELECTRONS  IN  A  PLASMA 


1247 


which  is  determined  by  the  ions  of  a  distribution  func¬ 
tion  gh{s^—l)  at  the  sheath  edge  and  the  ion  generated 
between  x  and  respectively, 

2)  Ion  distributions  functions  for  total  energy  £  <  0.  The 
positive  ions  moving  in  the  negative  direction  experiences 
turning.  Ion  distribution  function  for  negative  velocities  is 
the  same  as  (8),  wheras  that  in  the  forward  direction  is 


\cx\g{x,e,+\) 

+  /  (9) 

7x,(£) 

Conservation  of  the  positive  ion  at  the  turning  point  is 

|Cxj  I  g[xti£),  £,-!]  =  |cx,  I  g[xt{£),£,  +1].  (10) 

Equation  (9),  by  introducing  (10)  and  (8)  evaluated  at  the 
turning  point,  leads  to 


The  distribution  function  of  the  ions  moving  in  the  nega¬ 
tive  direction  is  (8).  Combining  ion  distribution  functions 
in  both  directions  yields 


Fi  (.T,  Cx) 


rrii 


=  H{cx  -  Co)  g,{£,  +1)  1 

J  X-[ 

+  H{C:e)H{co  -  Cx) 

X  gb{£,  -1)  |c,J 


+ 


A{x',  £,  _l  )e-(/5'*'+.fl--<^-2/3.x,) 

Jxt{e) 

r  Aix',£,+l)e-^^^-l^'^''>dx'\ 

Jxtie) 


+  H{-Cx) 


+ 


f  A{x',e,-l)e 
J  X 


-(/3'x'-/3x) 


(13) 


\cx\g{x,£,+l) 

Jxt{£) 

+  f  A{x',e,+l)e-^^^-f^'^">  dx'  (U) 

Jxt{e) 

where  the  first  two  terms  on  the  right-hand  side  refer  to  the 
ions  moving  in  the  negative  direction  and  experiencing  a 
turn  at  Xt.  This  can  be  clearly  seen  from  the  first  term,  in 
which  dimensionless  distance  for  collisions  between  xi 
z.x\Axisl3hXb+ldx-2l3tXt  -  {fibXb-PtXt)+ifdx-0tXt)- 
The  last  term  on  the  right-hand  side  of  (11)  is  for  the 
ions  created  in  the  upstream  locations  and  directed  in  the 
positive  direction.  Regardless  of  total  energy,  distribution 
functions  of  the  ions  moving  in  the  forward  direction  gov¬ 
erned  by  (7)  and  (11)  can  be  combined  into  one  equation 


\cx\g{x,£,+l) 


=  H{e) 


gi(£, +1)  \cx^^\e 


+  r  A{x',£,+l)e-^^^-<^'^'Ux' 

J  Xi 


where  the  relations  H{(j)H{e)  =  1  for  >  cq  and 
H{a)H{—e)  =  1  for  0  <  <  cq  are  substituted. 


C.  Sheath 

The  solution  of  (6)  without  source  terms  in  the  sheath  yields 
|car|.g(.T,  fj)  =  b{e^a).  Hence,  for  a  given  total  energy  e 
and  direction,  the  ion  distribution  function  is  conserved.  The 
boundary  condition  at  the  wall  is 


g{xu,;£,  -1)  =  gwis,  -1)  +  pgixw,£,  +i)  (14) 


where  p  is  the  ion  reflectivity.  The  other  condition  is  the  distri¬ 
bution  function  at  the  sheath  edge  which  is  obtained  from  the 
solution  in  the  presheath.  Because  the  ions  experience  turning 
in  the  sheath  for  total  energy  less  than  sheath  edge  potential,  dif¬ 
ferent  ion  distribution  functions  are  presented  as  follows. 

1)  Total  energy  e  >  Zie^h-  Owing  to  conservation  of  distri¬ 
bution  functions,  the  ion  distribution  function  in  the  for¬ 
ward  direction  is 

\cx\g{x,e,+l)  =  \c:r,xo\g{^'w,e,-^Fj 

=  \cib\gb{£,+'i-)-  (15) 


+  H{-8) 


gbie,  -1)  \cx. 


e 


{l3bXb-\-px-2ptXt) 


+  /  A{x\  e,  -l)e-(^  ^  +/3a:-2/3<x,) 

Jxt{e) 

+  r  A{x' dx'  . 

Jxt{e) 


(12) 


The  ion  distribution  function  for  the  negative  velocities 
by  substituting  (14)  yields 


Cx|,9(a;,e, -1)  =  \cxw\[gwi£,-'i-)  + pgixw,£,+l)] 
=  \cxb\g{xb,£,-i)- 


(16) 
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2)  Total  energy  e  <  Zie(j)h,  Conservation  of  the  ion  distribu-  where  the  first  term  on  the  right-hand  side  is  determined  by  eval- 
tion  function  in  a  given  direction  and  at  the  turning  point  uating  (12)  at  the  sheath  edge.  Equation  (23),  therefore,  yields 
leads  to 


\cx\g{x,e,  +1)  =  \c:,\g{x,e,  -1) 

=  |cx|.(?(£),  e  <  Zie(f>ij.  (17) 

Irrespective  of  directions  and  locations,  ion  distribution 
functions  in  the  sheath,  therefore,  are  the  same  for  a  given 
total  energy.  Introducing  (14)  into  (17)  gives 

=  |cxu,|  -1)  +  £,+!)]•  (18) 

Evaluating  at  the  wall,  (18)  becomes 

g{x.u,,e,+l)  =  —^gy,{e,-l).  (19) 

1  -  p 

Combining  (15),  (16),  (17),  and  (19),  ion  distribution 
functions  in  the  forward  and  backward  directions  in  the 
sheath  are,  respectively, 

\c^\g{x,e,+l) 

=  H{e  -  Zie(j)b)  |cx6|.7(,(e,+l) 

+  H{Zie(j>b  -  e)  — ^  |cx„.l -1)  (20) 

I-  p 

\cx\g{x,e,-l) 

”  -ff(£  ZiG^b^  [|A7’w»|  9xr{^i  1) 

+  P  |cx!i|  gb{£,  +1)]  +  H{Ziecj)b  —  e) 

^  Z  !)■  (21) 

1-  p 


\cxb\gb{£-  -1) 


1  -  H{-c,b)  H  {cob  +  cw,)  pc-Wh-n-2H.x.) 


X  \  H  (  Cxh  ^‘Oh)  P 


fii 


r^b 

I  (-Cxb)  H  (cob  +  Crb)  p 

Jx,{e) 

■lx,(e) 

+  H  {-C:,.b)  -1)1 


(24) 


where  the  relations  H{-~a)H{e  ~  Z;cr^,)7/(e)  =  1  for  Cj.f,  < 
-Con.  H{-(t)H{€  -  ZiC(f)i)H{~e)  =  1  for  -coi,  <  Crb  <  0, 
and  H{—(7)H{e  —  Zi(i(j)i)  ~  1  for  c^h  <  0  are  used. 

E.  Ion  Density  in  Presheath 

Ion  density  can  be  determined  by 


n, 


,  -Cr)  d(',v  + 

g{x,  e,  (t)  de. 


(‘x)  dc,r 


(25) 


Ion  distribution  function  Fi  =  H{a)m,i\cx\g{€.~\-1)  + 
H{-a)ni,i\cx\g{e^-l)  by  substituting  (20)  and  (21) 
leads  to 

-  c'o)  \c,b\gb{£x  +1)  +  H{c,)H{c'^  -  c,) 

rui 

^  (g^^  _ ]^)  _j_  JI (^  —  Cx)II {Cq  Cx) 

^  1  ~p  -i  ~f)  "b  II{-~Cq  —  Cx) 

X  [\cxw\gw{^,~l)F  p\cx.b\gb{£,+^)],  (22) 


It  is  useful  to  reverse  the  order  of  integration  d:P  de  to  de  dx'. 
Because  the  domain  should  be  the  same,  domain  surrounded 
by  Xt{e)H{—e)  <  x/  <  xo  and  ^/(.t)  <  c  <  oo  can  also 
be  represented  by  <  c  <  oo  and  0  <  x/  <  xi, 

where  =  groator[.^,-e0(.7;),  Z/C(}6(.7/)].  Substituting 

A{—x/^  e,  —1)  =  A(.7:',  6,  —1)  —  ^(.7/,  c,  +1)  1 17],  fl  =  0  and 
p  —  0,  gu^  =  0  in  an  symmetric  system  (25)  leads  to  the  ion 
density  equation  provided  by  Scheuer  and  Emmert  [17]. 

F.  Electron  (or  Negative  Ion)  Distribution 
Function  in  the  Sheath 


where  the  relations  H{(T)H[e  -  Zie(j)i)  —  1  for  Cx  >  Cq, 
H{(j)H{Zie(l)b  -  c)  =  1  for  0  <  <  c(),  H{-a)H{e  - 

ZiCipb)  =  Iforca^  <  —CQ,mdH{—a)H{Zie(j)b~e)  —  1 
for  -c'o  <  Cx  <  0  are  introduced. 

D.  Coupling  Between  P  re  sheath  and  Sheath 
Evaluating  (21)  at  the  sheath  edge  gives 

|Cxfc|.g6(£, -1) 

—  77 (e  ZiG(j)b')  \p  l^xb 1 "1”  1)  4“  I  Pir (£.  1)] 

(23) 


The  electrons  experience  turning  in  the  sheath  for  a  total  en¬ 
ergy  less  than  the  potential  at  the  wall.  The  electron  distribution 
function  yields 

Fe  {x,Cx)  =  H{  Cx )  m,.  I  Cx  I  g,.  (,7: ,  e ,  -f  1 ) 

-h  H{-Cx)m,:\cx\gr{x,  E,  -1)  (26) 

where  distribution  functions 

k^x  1.7, e,+l) 

=  H{(r)  k'x(,|.7<7,(£, +1) 


(27) 
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\cx\9e{x,e,~l) 

—  [[caj-n; I  1) 

+  Pe  \Cxb\geb{e,+l)] 

+  H{-e(l)^  -  ^)\cxb\9eb{^,+l)}  • 

Substituting  (27)  and  (28)  into  (26)  leads  to 


4)  Electron  density  in  the  presheath  is  of  Maxwell-Boltz- 
mann  distribution.  The  error  induced  is  within  1%,  as  dis¬ 
cussed  by  Self  [21]  and  Emmert  et  al.  [7]. 

The  ion  source  function  in  (3)  proposed  by  Emmert  et  al.  [7] 


Si{x',e)  = 


Soh{x') 

2kBTio 


-  Zie(t){x') 
ksTio 


Fe{x,Ca,)  =  H{Cx  +  c'eo)'^e  \Cxb\ 9eb{^ , 

+  II(^  Cx  [uie  \t^xw\  9ew{^  1  1) 

+  Perrie  \Cxb\ 9eb{^,  +1)]  (29) 

which  the  relations  iy(-(T)^^(£:-fe0^(;)  =  1  for  <  —  c^g  and 
-  e(j)yj)  =  1  for  -c'q  <  c^;  <  0  are  used.  Equa¬ 
tion  (29)  indicates  that  the  electrons  with  velocities  greater  than 
critical  velocity  c^q  result  from  the  electrons  across  the  sheath 
edge,  whereas  those  greater  than  c^g  in  the  negative  direction  are 
from  the  wall  emission  and  reflection  after  contacting  the  wall. 

G.  Electrostatic  Potential  Versus  Position— An  Extension 
of  Emmert  et  al.  's  Model 

The  variation  of  electrostatic  potential  with  position  can  be 
obtained  by  following  the  model  and  analysis  from  Emmert 
et  al.  [7].  This  work  further  accounts  for  the  wall  partially  re¬ 
flecting  ions  and  electrons.  Aside  from  a  quasi  steady  state  and 
ignorance  of  electromagnetic  force,  as  mentioned  previously, 
the  assumptions  made  are  as  follows. 

1)  The  ion  source  function  in  the  presheath  is  chosen  to  be 
that  provided  by  Emmert  et  al.  [7] .  This  model  is  based 
on  the  fact  that  the  ions  would  be  a  Maxwell-Boltzmann 
distribution  in  the  absence  of  an  electrostatic  field  at  the 
symmetric  point  in  a  plasma  or  far  from  the  wall. 

2)  The  presheath  is  collisionless.  The  results  can  also 
apply  to  the  ion-ion  collisions  [17].  Collisionality  in 
the  presheath,  unfortunately,  is  often  marginal.  That  is, 
mean-free  paths  between  the  electrons  and  ions  can  be 
of  the  same  magnitude  as  the  thickness  of  the  presheath. 
Modeling  different  kinds  of  atomic  or  molecular  colli¬ 
sions  is  complicated  and  inaccurate. 

3)  Thermal,  field,  and  secondary  emissions  of  electrons  from 
the  wall  are  ignored.  For  copper  or  tungsten  having  a  work 
function  of  4.5  eV,  emitted  electrons  evaluated  from  a 
T~F  equation  [18]  are  10^  A/m^  for  a  typical  temper¬ 
ature  of  3000  K  and  electric  field  intensity  10^  V/m.  Cur¬ 
rent  density  is,  therefore,  one-tenth  to  one-hundredth  of 
the  total  current  predicted  by  Hsu  and  Pfender  [19].  The 
secondary  electron  emission  can  be  observed  for  bom¬ 
bardment  by  ions,  electrons,  and  neutrals.  Provided  that 
the  incident  energies  of  ions,  electrons,  and  neutrals  are 
less  than  1  eV  or  much  greater  than  10^  eV,  the  surface 
of  the  wall  is  covered  by  a  monolayer,  or  the  microstruc¬ 
ture  exhibits  crystalline  directions,  the  secondary  electron 
coefficient,  or  yield,  indicating  the  number  of  electrons 
ejected  per  incident  particle  can  be  much  less  than  unity 
[13].  Ion  emission  can  be  found  by  a  similar  equation 
[20]. 


where  the  unknown  function  h{x')  includes  spatial  variations  of 
temperature  (in  a  local  equilibrium  sense),  potential,  and  con¬ 
centrations  of  ions,  electrons,  or  neutrals.  Temperature  T^g  is 
the  temperature  at  the  location  where  potential  (f)  —  {)  and 
fluid  velocity  =  0,  Substituting  (30)  and  symmetric  condi¬ 
tion  gi  —  gi,  ion  distribution  function  in  the  presheath  from 
(13)  is  simplified  to 


1  1 

(  ^  ) 

{l  +  p)Zi\ 

1  2TrkBTio 

^  ksTioJ 

{H{c,-co){K{xb)  +  K{x) 

+  p[Kixb)-Kix)]} 

+  Hic,)H{co  -  c,){K{xb)  -  2K{xt) 

+  K{x)  +  p[K{Xb)  -  K{x)]} 

+  H{-c^)H{co  +  c^){K{xb)  -  K{x) 

+  p[K{xb)-2K{xt)  +  K{x)]} 

+  H{-co  -  c,){K{xb)  -  K{x) 

+  p[K{xb)  +  K{xm,  (31) 


where  function  K  is  defined  as  [7] 


Kix)  =  r  ^  dx'.  (32) 

V  ^ J 0 


In  (31),  the  critical  velocity  cg  is  defined  as  a  particle  released 
from  X  =  0  has  speed  cg  at  location  x.  Evidently,  four  regions 
of  the  ion  distribution  function  exist  at  location  x.  Equation  (31) 
reduces  to  the  ion  distribution  function  of  Emmert  et  al.  [7]  for 
a  completely  absorbing  wall  {p  —  0).  To  find  electrostatic  po¬ 
tential  in  (32),  electrical  neutrality,  Ue  =  ZiUi,  in  the  presheath 
is  needed.  The  ion  and  electron  densities  are,  respectively 


Fi  dcx^ 


Fp  diCx  • 


Substituting  (13),  (25)  gives 


2{i+p)  r  Si{x\£)  ^  ^ 

ni{x)  =  — -  /  /  — ^ ^ — dedx.  (34) 

1  P  Jo  Jeniinix') 

Electron  density  is  of  a  Maxwell-Boltzmann  distribution 


Tie  ™  UeO  exp 


ksTeo 


Substituting  (30)  into  (34),  performing  integration,  and  applying 
electrical  neutrality  by  introducing  (35)  lead  to  a  plasma  equa- 


e-^^B 


rXb  dx^ 

+  Kx')i{x-x')-^dx' 


(36) 
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where  ii?  is  a  constant  and  function  /  is  defined  as 

7(X  -  V)  -  V)crfc[v/^-«(x-V)] 

+  W-.Y)}-  (37) 


Equation  (36)  by  substituting  (37)  and  differentiating  with  re¬ 
spect  to  X  leads  to 


-  B 


Kx') 

\Px  -  x' 


(l^ 

fix' 


dx' 


(38) 


which  is  the  well-known  Abel’s  integral  equation  [22].  The  so¬ 
lution  of  (38),  therefore,  yields 


dx' 

dx' 


(39) 


where  the  Dawson  function  [23]  is  defined  as 


D 


(40) 


The  Dawson  integral  dcllned  by  (40)  is  slightly  different  from 
that  of  Eminert  ei  af.  [7].  The  Rohm  criterion  is  automatically 
satisfied  by  differentiating  (36)  with  respect  to  x  to  obtain  (38), 
as  proved  by  Bissell  [8].  A  detailed  derivation  will  be  presented 
later.  Substituting  (39)  into  (32)  and  performing  integration  lead 
to 


orf  ( ) 

+  (41) 

\/7rZ/K. 

Interestingly,  K  function  is  independent  of  unknown  functions 
h  and  Sq.  Emmert  etal.  [7]  obtained  the  same  results  for  a  com¬ 
pletely  absorbing  wall.  Substituting  (37)  and  (39)  into  (36)  and 
integrating  lead  to 


(42) 


which  is  the  same  equation  as  obtained  by  Emmert  et  al  [7], 
even  though  ion  reflection  is  taken  into  account.  Equation  (42)  is 
also  independent  of  potential  and  unknown  function  h  appearing 
in  (30),  Equation  (41)  leads  to  /f(0)  =  0  and  K{xh)  =  E  The 
latter  is  obtained  by  substituting  (42)  into  (41)  evaluated  at  the 
sheath  edge. 


H.  The  Bolvn  Criterion 


which  is  the  Rohm  criterion  satisfied  marginally,  irrespective  of 
ion  and  electron  rcncctivitics.  Equation  (44)  can  also  be  repre¬ 
sented  by 


(4.^) 


which  is  the  marginal  form  provided  by  Chen  ]  1  ]  and  Risscll 
[81. 


/.  Distribution  Functions  in  Sheath 

The  ion  distribution  function  at  location  x  can  be  readily  ob¬ 
tained  from  (22)  by  ignoring  wall  emission 

7//; 

+  //(--'{)  -  <'.r)l>  kv(.|  fliX- 4  1 )  (46) 


where  the  first  term  on  the  righl4ian(l  side  represents  the  distri- 
bution  function  of  the  ions  moving  in  the  positive  direction  and 
the  last  term  is  the  distribution  function  for  the  ions  in  the  nega¬ 
tive  direction  after  hitting  the  wall.  The  distribution  function  of 
the  forward-moving  ions  at  the  sheath  edge  from  (31 )  yields 


_ ^(O _ r  7"‘r~  y  _  / _ e _ \ 

+  i))Zj  y  27r/.' ///,() 

X  {//(r,,.-ro)A'(,v,,)4f/(r,,,) 

X  //(r„-r-„,,)[A-(,Y/,)-/4(xr)]}  (47) 


where  the  first  term  on  the  right-hand  side  is  referred  to  high-en¬ 
ergy  ions  (e  >  0)  coming  from  the  prcshcath  edge  and  the 
ions  ionized  with  positive  velocities  in  the  prcshcath,  and  the 
last  term  represents  low-energy  ions  <  e'  <  0)  gen¬ 

erated  with  positive  velocities  and  negative  velocities  experi¬ 
encing  turning  in  the  prcshcath. 

Without  wall  emission,  the  electron  distribution  function  in 
the  sheath  from  (29)  yields 


7'r(■'^  =  77(f,,.  +  r'.„)n>r  k.rf,|  41) 

4  77(-r.,.  -  I //,,;,(?,+]) 


where  the  distribution  function  at  the  sheath  edge 

in,-  |o,.fc|r/, ./,(£.  +  !) 

^  4  c(k 

‘I-nh'iZCo  *  \ 


(48) 


(49) 


Equation  (3 1 )  at  the  sheath  edge  reduces  to 


/  m 

(1  +  p)Zi  V  2-KkB 


+  77(rv)/7(r„-o,.)[l-74(x,)] 

4  77(-e,)77(ro4e,)yi-74(x,)] 

4  77 (-fo  -  r,.)p}. 


(43) 


Substituting  (43)  and  conducting  integration,  the  following 
identity  is  obtained: 


/: 


dc. 


Ur^^nii 

ZfkBFo 


(44) 


The  error  and  Dawson  functions  were  numerically  integrated 
by  a  Simpson’s  rule.  Errors  were  less  than  lO”  by  comparing 
grids  of  1000  and  500. 

HI.  Rlsuits  and  Discussion 

In  this  study,  distribution  functions  of  the  ions  and  electrons 
in  the  prcshcath  and  sheath  arc  determined  from  the  Rollzmann 
equation.  The  electric  field  in  the  prcshcath  is  found  by  applying 
the  condition  of  electrical  neutrality  and  introducing  the  ion 
source  model  proposed  by  Emmert  et  al.  \1\.  The  effects  of  ion 
reflectivity  on  dimensionless  ion  distribution  functions  in  the 
presheath  and  sheath  arc  shown  in  fug.  2.  Dimensionless  poten¬ 
tial,  which  is  an  increasing  function  of  ,7;-coordinatc,  is  used  to 
represent  position,  to  avoid  specifications  of  unknown  function 
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Fig.  2.  Dimensionless  distribution  function  {F^)  versus  velocities  (c*^)  of 
ions  at  different  locations  in  presheath  or  sheath  for  different  ion  reflectivities 
of  the  wall  (p). 

h  [see  (30)]  and  variations  in  temperature  and  ion  source,  and 
SO  on.  Irrespective  of  ion  reflectivity,  the  ions  near  the  presheath 
edge  or  at  the  center  of  bulk  plasma  obey  a  Maxwell-Boltz- 
mann  distribution.  This  is  because  the  effect  of  ion  reflectivity 
on  ion  flow  in  the  backward  direction  decays  because  of  the 
retarding  electric  field.  In  the  case  of  zero  ion  reflectivity,  ion 
distribution  functions  in  the  presheath  and  sheath  are  found  to 
be  identical  to  those  of  Emmert  et  ai  [7].  For  a  nonzero  ion  re¬ 
flectivity,  distribution  functions  in  both  the  presheath  and  sheath 
exhibit  two  peaks,  which  are  associated  with  positive  and  neg¬ 
ative  velocities,  respectively.  The  ions  near  the  peak  with  pos¬ 
itive  velocity  are  similar  to  those  for  zero  ion  reflectivity.  The 
ions  are  composed  of  those  coming  from  the  presheath  edge  and 
the  ions  created  with  positive  velocities  in  the  backward  region 
of  the  presheath,  and  the  low-energy  ions  generated  with  nega¬ 
tive  velocities  in  the  entire  presheath.  The  ions  close  to  the  other 
peak  come  from  the  ions  reflected  by  the  wall  and  ions  gener¬ 
ated  with  negative  velocities  in  the  forward  region.  In  the  sheath, 
two  peaks  are  separated  by  a  gap,  which  is  attributed  to  the  ions 
having  minimum  energy  equal  to  sheath  edge  potential.  The  gap 
widens  because  of  an  increase  in  ion  speed  in  the  forward  di¬ 
rection.  It  is  found  that  ion  distribution  functions  at  the  sheath 
edge  vanish  at  zero  speed  for  different  reflectivities.  This  is  the 
requirement  to  avoid  infinite  potential  [5].  If  two-stream  insta¬ 
bility  is  accounted  for,  distortion  of  the  distribution  function  can 
be  ignored  because  of  a  local  energy  transport  between  the  wave 
and  particles  having  thermal  velocities  near  the  phase  velocity 
or  the  wave  having  the  phase  velocity  lying  far  in  the  tail  of 
the  distribution  [1].  A  systematic  study  of  the  relationships  be¬ 
tween  different  kinds  of  instabilities  and  distribution  function  is 
crucial. 

The  dimensionless  distribution  function  at  a  typical  location 

~  12  in  the  presheath  can  be  divided  into  four  parts,  as 

shown  in  Fig.  3.  The  ions  in  part  1  have  positive  velocities 
^ix  >  £  >  0).  They  are  the  ions  coming  from  the 


1251 


Fig.  3.  Dimensionless  distribution  function  (F/)  versus  velocities  (c|^)  of 
ions  composed  of  the  ions  coming  from  different  regions  at  location  x  =  X  b/2 
in  presheath. 

presheath  edge  and  ions  created  with  high  positive  velocities  in 
the  presheath.  The  ions  in  part  2  have  low-energy  with  positive 
velocities  <  c*o  (or  Ziccj)  <  e  <  0).  They  are  composed  of 
ions  created  with  positive  velocities  from  the  backward  region 
and  negative  velocities  experiencing  turning  in  the  presheath. 
Part  3  is  for  low-energy  ions  moving  with  negative  velocities 
^ix  >  (or  Zie4f  <  e  <  0).  The  ions  include  those  created 
with  positive  velocities  after  reflection  by  the  wall  and  those 
ionized  with  negative  velocities  in  the  forward  region.  Part  4  is 
for  high-energy  ions  with  negative  velocities  c*^  <  —  c*q  (or 
£  >  0).  They  are  composed  of  the  ions  reflected  by  the  wall  and 
created  with  high  negative  velocities  in  the  forward  region.  The 
former  includes  the  ions  streaming  into  the  presheath  from  the 
bulk  plasma  and  ions  generated  with  high  positive  velocities  in 
the  presheath. 

The  dimensionless  ion  distribution  function  at  a  given  loca¬ 
tion  in  the  sheath  can  be  divided  into  six  parts,  as  shown  in  Fig.  4. 
The  ions  in  part  1  are  composed  of  the  ions  coming  from  the 
bulk  plasma  and  ions  generated  with  high  positive  velocities  in 
the  presheath.  Part  2  is  for  the  ions  created  with  total  energy 
Zie(j)b  <  £  <  0  in  the  presheath.  No  ions  presented  in  parts 
3  and  4,  because  no  ions  are  generated  in  the  sheath.  In  other 
words,  ions  across  the  sheath  have  the  minimum  energy  equal 
to  sheath  edge  potential.  The  ions  in  parts  5  and  6  are,  respec¬ 
tively,  those  reflected  by  the  wall  from  regions  2  and  1 .  Referring 
to  Figs.  3  and  4,  it  is  concluded  that  using  Maxwell-Boltzmann 
distributions  for  ions  to  study  transport  process  near  a  wall  re¬ 
flecting  ions  is  inaccurate. 

Spatial  variations  of  electron  distribution  functions  in  the 
presheath  and  sheath  for  different  electron  reflectivities  are 
presented  in  Fig.  5.  It  can  be  seen  that  electron  distribution 
functions  gradually  become  Maxwell-Boltzmann  distribution 
in  the  backward  direction  toward  the  bulk  plasma.  Hence, 
for  different  electron  reflectivities,  electron  distribution  func¬ 
tions  in  the  presheath  {0  <  x  <  Xb)  can  be  considered  as 
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Fig.  4.  Dimensionless  distribution  function  {F-  )  versus  velocities  of 
ions  composed  of  the  ions  coming  from  different  regions  at  location  \  =  ( \ ,,  + 
\\„)/2  in  sheath. 


Fig.  5.  Dimensionless  distribution  function  (F^,* )  versus  velocities  (c;  J  of 
electrons  at  different  locations  in  sheath  for  different  electron  reflectivities  of 
the  wall  (p,.). 

Maxwell-Boltzmann  distributions.  The  distribution  function  at 
the  sheath  edge  deviates  slightly  from  a  Maxwcll-Boltzmann 
distribution  in  the  tail  region  (for  r:*,.  <  -100).  Because  only 
the  electrons  that  have  high  energy  to  overcome  potential  can 
hit  the  wall,  the  electrons  in  the  tail  region  arc  those  rebound 
by  the  wall  and  accelerated  to  high  speeds.  Errors  induced 
for  transport  variables,  which  are  obtained  by  integrating  a 
distribution  function,  are  therefore  negligibly  small.  It  is  noted 
that  for  a  wall  emitting  electrons,  the  distribution  function  also 
depends  on  surface  conditions  of  the  wall.  Strong  wall  emission 
results  in  a  significant  deviation  from  a  Maxwell-Boltzmann 
distribution.  For  a  wall  reflecting  ions  and  electrons,  the 
assumption  of  Maxwell-Boltzmann  distributions  for  the 


electrons  in  the  presheath  is  still  relevant.  On  the  other  hand, 
electrons  in  the  sheath  {xb  <  X  <  Xw)  deviate  significantly 
from  the  Maxwell-Boltzmann  distribution,  because  the  tail 
region,  as  discussed  previously,  causes  a  large  error  (namely, 
the  drop  in  the  range  of  negative  velocity)  for  a  wall  partially 
reflecting  ions.  Regardless  of  electron  (and  ion)  reflectivity, 
the  forward-moving  electrons  still  obey  a  half  part  of  the 
Maxwell-Boltzmann  distribution. 

The  predicted  transport  variables,  such  as  densities,  fluid 
velocity,  fluid-like  conduction  heat,  difference  between  mean 
pressure  and  fluid-like  viscous  stress  of  the  ions  and  electrons 
in  the  sheath  from  the  moment  equations  of  the  ion  and  electron 
distribution  functions  provided  by  this  work  agree  well  with  the 
available  theoretical  work  from  Schwager  and  Birdsall  [24]. 
The  results  are  shown  in  the  companion  paper  [14]. 

IV.  Conclusion 

The  conclusions  drawn  are  as  follows: 

1)  General  solutions  of  the  ion  and  electron  distribution 
functions  in  a  collisional  presheath  and  collisionless 
sheath  of  a  plasma  in  contact  with  a  wall  reflecting  and 
emitting  electrons  and  ions  are  presented.  The  collisions 
are  simulated  by  the  BGK  model.  To  obtain  the  rela¬ 
tionship  between  electrostatic  potential  with  position, 
the  successful  ion  source  model  from  Emmert  et  ciL  is 
used.  The  ion  and  electron  distribution  functions  in  the 
presheath  and  sheath  on  a  wall  partially  reflecting  ions 
and  electrons,  therefore,  can  be  exactly  obtained. 

2)  Velocities  of  the  ions  near  the  wall  partially  reflecting 
ions  are  of  highly  non-Maxwell-Boltzmann  distributions 
having  two  peaks  associated  with  positive  and  negative 
velocities,  respectively.  The  two  peaks  in  the  sheath 
arc  separated  by  a  gap,  which  widens  as  the  wall  is 
approached. 

3)  Velocities  of  the  electrons  in  the  presheath  can  be  of 
Maxwell-Boltzmann  distribution,  even  though  the  wall 
reflects  electrons  and  ions.  In  the  sheath,  the  electron 
distribution  drops  sharply  in  a  range  of  negative  velocity 
because  of  the  wall  partially  reflecting  electrons. 

4)  The  generalized  Bohm  criterion  is  derived  and  satisfied 
marginally  (namely,  with  the  equality  sign),  even  though 
ion  and  electron  reflectivities  are  accounted  for. 
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Temporal  Characteristics  of  Runaway  Electrons  in 
Electron-Neutral  Collision-Dominated  Plasma  of 
Dense  Gases.  Monte  Carlo  Calculations. 

Konstantin  I.  Bakhov,  Leonid  R  Babich,  and  Igor  M.  Kutsyk 


Abstract — Electron  runaway  rates,  and  runaway  delay  time, 
runaway  threshold  energies  were  obtained  from  Monte  Carlo 
(MC)  simulations  in  the  field  domains  35-400  kV/cm  and  240-400 
kV/cm,  respectively,  for  helium  and  nitrogen  at  1  ATM.  MC 
simulations  disprove  all  available  analytical  theories  that  ignore 
angular  scattering  of  electrons,  with  the  sole  exception  of  Gure¬ 
vich’s  theory  for  helium,  in  which  angular  scattering  is  relatively 
weak. 

Index  Terms — Dense  gas,  electron-neutral  collisions,  Monte 
Carlo,  runaway  electrons. 


I.  Introduction 

HE  phenomenon  of  runaway  electrons  (REs)  in  elec¬ 
tron-neutral  collision  dominated  plasma  was  observed  in 
a  variety  of  laboratory  experiments  and  in  nature  (see  [l]-[4], 
[23],  [5]-[8],  [24],  [9],  and  the  literature  cited  therein).  It  is  a 
consequence  of  decreasing  probabilities  of  electron  interactions 
with  atomic  particles  for  electron  energies  e  in  the  range  from 
^100  eV  up  to  MeV  [10].  The  microscopic  description 
of  REs  is  conducted  on  the  basis  of  effective  cross  sections 
in  terms  of  a  time-dependent  distribution  function  /(iT,  f,  f) 
obtained  from  MC  simulations  or  from  a  kinetic  equation  (KE). 
It  is  essentially  stochastic  and  does  not  allow  us  to  introduce 
accurate  runaway  criterion.  Adequate  stochastic  definition  of 
REs  was  formulated  by  Kunhardt  et  al  [6],  who  stated  that  “an 
electron  is  runaway  if  it  does  not  circulate  through  all  energy 
states  available  to  it  at  a  given  E/N,  but  on  average  moves 
toward  high-energy  states.” 

The  macroscopic  description,  being  deterministic,  generally 
is  based  on  equations  of  moments  for/ (fT,  r.  ^),  including  an  ef¬ 
fective  drag  force  F{e) .  The  force  is  a  conti  nuous  function  of  the 
energy  e  behaving  similar  to  the  cross  sections.  In  the  low-en¬ 
ergy  domain,  it  hits  a  maximum  Fmax  (Fig-  1)  equal  in  nitrogen 
to  270  kV/cm/atm  at  £  110  eV  and  in  helium  51  kV/cm/atm 

at  e  «  60  eV  [1].  To  become  runaway,  an  electron  should  over¬ 
come  a  threshold  Efh  (Fig.  1),  defined  as  the  second  root  of  the 
equation 

F{eth)  =  eE.  (I) 
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Fig.  L  Scheme  for  transition  of  iow-cncrgy  electrons  to  the  runaway  mode. 

In  the  framework  of  the  deterministic  approach,  all  electrons 
with  energies  above  Sth  are  runaways.  Actually,  it  is  not  the 
case.  In  the  framework  of  the  stochastic  description,  there  is 
no  accurate  runaway  threshold,  because  /(?/  t)  in  a  strong 
electric  field  only  enlarges  its  high-energy  tail  in  the  course  of 
time.  The  stochastic  definition  allows  us  to  introduce  only  an 
artificial  low  boundary  of  high-energy  domain.  If  electron  col¬ 
lisions  with  neutral  particle  dominate,  it  is  reasonable  to  choose 
the  boundary  as  the  onset  of  the  energy  range  with  decreasing 
cross  sections,  which  is  well  above  the  ionization  threshold  . 

The  problem  of  simulation  of  gas  discharges  with  REs  is  dif¬ 
ficult  because  in  this  case  electron  distribution  in  essence  is  non¬ 
local  and  nonstationary,  so  that  the  conventional  approaches, 
useful  when  electron  assembly  as  a  whole  is  equilibrium  with 
a  local  electric  field,  appear  to  be  inadequate.  The  necessity  to 
consider  a  very  wide  range  of  energies  tremendously  compli¬ 
cates  simulations.  Tentatively,  we  can  consider  the  three  energy 
sections  illustrated  in  Fig.  1,  each  of  which  differs  by  electron 
kinetics.  In  section  1,  electrons  are  equilibrium  with  the  field. 
Here,  elastic  scattering  affects  electron  distribution  very  much, 
making  it  isotropic.  In  section  2,  inelastic  interactions  dominate, 
forcing  electrons  to  decelerate  to  section  1.  The  high-energy 
section  3  can  be  defined  as  the  acceleration  (runaway)  domain. 
Combined  approaches  were  attracted  to  describe  electron  ki¬ 
netics  (see  [5],  [7],  [8],  and  [24]  and  the  literature  cited  therein). 
They  are  sophisticated  and  incorporate  rather  arbitrary  approx¬ 
imations  not  allowing  us  even  to  estimate  an  accuracy  of  the 
results  obtained. 
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Analytical  studies  of  REs  allow  us  to  understand  fundamen¬ 
tals  of  the  phenomenon;  however,  their  accuracy  is  absolutely 
uncertain.  In  this  sense,  numerical  simulations  are  more  illumi¬ 
nating,  especially  those,  in  which  MC  techniques  were  used. 
MC  techniques  presenting  an  opportunity  to  simulate  a  sto¬ 
chastic  motion  of  a  single  tested  electron,  are  the  most  powerful 
method  to  study  kinetics  of  REs.  The  focus  of  the  present  work 
is  to  compute  by  means  of  MC  such  temporal  characteristics  of 
REs  as  runaway  rate,  mnaway  delay  time,  and  so  on  to  compare 
them  with  those  calculated  from  available  analytical  formulas 
and  to  estimate  the  accuracy  of  the  formulas.  It  is  important  to 
check  the  formulas,  because  they  are  rather  frequently  applied 
to  laboratory  discharges  [7]-[9],  [24]  and  to  natural  phenomena 
[11]. 

11.  Review  of  Analytical  Theories 

The  first  analytical  formula  for  REs  in  electron-neutral  col¬ 
lision-dominated  plasma  was  deduced  by  Gurevich  in  his  pi¬ 
oneer  work  [10].  Gurevich  obtained  a  stationary,  spatially  uni¬ 
form  electron  distribution  function  over  velocities  f{v)  valid  in 
the  domain  between  vq  ^  and  Vst  determined  by 

equation  F{vst)  =  similar  to  (1).  Bethe’s  drag  force  was 
adopted  for  F{v).  Gurevich  considered  a  case  of  a  weak  elec¬ 
tric  field,  namely,  E  <  Ecr  —  7^max/e.  Angular  scattering  of 
electrons  was  not  taken  into  account.  Electrons  were  assumed 
to  move  along  the  electric  force.  Time-dependent  distribution 
of  REs  was  not  calculated,  so  that  the  approach  was  not  con¬ 
sistently  stochastic.  The  bulk  of  electrons  was  considered  as  a 
large  reservoir  with  a  “hole”  at  A  leakage  of  particles  away 
through  the  hole  with  the  inherent  rate  constitutes  the  RE 
flux  estimated  as 


The  distribution  /(uq)  at  the  lower  boundary  was  adopted  to 
be  Maxwellian  with  the  temperature  T.  Here,  vt  —  \/2T/m, 
A  ^  5.4  (e/eid)  x  In  [{0.35)mv%/e] ,  e  is  the  average  excita¬ 
tion  energy  in  Bethe’s  formula,  and  d  is  close  to  unity  (d  —  0.99 
in  helium  [10]).  To  verify  if  d  is  close  to  unity  in  nitrogen  as 
well,  the  function  d{e)  defined  in  [10]  was  calculated  using  el¬ 
ementary  cross  sections.  It  was  found  that  in  the  domain  from 
£0  40  qY  to  est{E)  ^  1 10-190  eV  for  =  270-240  kV/cm, 
d{e)  varies  from  0.923  to  0.985.  So,  in  nitrogen,  d  is  also  close 
to  unity.  Owing  to  A/4  >  1,  the  RE  flux  is  strongly  decreasing 
the  function  of  the  ratio  Ecr/E  >  1.  The  quantity  i/run»  used  in 
(2),  is  “a  rate  for  runaway  electron  production”  [12].  Actually, 
it  was  introduced  much  later  by  Sizykh  as  a  fraction  of  elec¬ 
trons  acquiring  per  unit  time  an  energy  higher  than  the  runaway 
threshold  at  a  given  field  intensity  [12]. 

Later,  Kremnev  and  Kurbatov  put  Vst  —  vo  in  (2)  and  rather 
arbitrarily  extended  it  to  the  domain  of  strong  fields  E/ Ecr  >  1 
as  follows  [8],  [24],  [13] 

r  =  X  A^e  ~  - —  VrfM-  (3) 


Sizykh  calculated  ly^un  proceeding  from  stationary  KE  [12]. 
Electrons  were  assumed  to  move  in  the  direction  of  the  electric 
force.  The  problem  was  considered  in  terms  of  the  total  interac¬ 
tion  cross  section  cr(£)  for  which  the  following  approximation 
was  adopted: 

f  <Jo,  ^  <  ^0 

<^(0=  ,  .  (4) 

[aoeo/e,  £  >  Sq 

with  (Jo  =  1.5  X  10“^^  cm^  and  sq  =  200  eV  for  nitrogen. 
Actually,  for  F{s),  a  rough  approximation  Na{e)£*  was  used. 
For  the  runaway  rate,  Sizykh  deduced  the  following  formula 
valid  for  E  <  Ecr' 


where  Vth  -  ^/2£th/m,  Eo  -  x  Ecr,  and  Ecr  = 

aoNe* /e.  Here,  for  nitrogen,  ei  =  15.6  eV  and  “average  exci¬ 
tation  energy”  c*  =  10  eV  were  adopted  [12].  Sizykh  estimated 
Ecr  —  400  kV/cm  [12].  It  is  expedient  to  note  that  Eq  ^  S 
MV/cm  in  the  paper  of  Sizykh  can  only  be  obtained  if  =  e*. 
Slavin  and  Sopin  [7]  defined  the  runaway  rate  as 

i/run  =  eE/mv{€p)  X  Q  (6) 

with  €p  chosen  to  be  the  energy  at  which  the  elastic  scattering 
cross  section  equals  to  the  inelastic  one.  Specifically,  for  ni¬ 
trogen,  Sp  —  100  eV  was  adopted.  To  calculate  the  probability 
Q  for  an  electron  to  achieve  the  energy  e  without  collisions,  they 
used  the  formula 

/-\  r  ,  ln(l  4- e/e) -h  1 

Qie/e)  =  exp  -q  +  q - - 

q  =  aoNefeE  (7) 

deduced  by  Kozyrev  et  al.  [8],  [24],  by  employing  the  theory 
of  branching  processes  and  the  following  approximation  for  the 
total  interaction  cross  section: 

/  ,  ln(l+e/e) 

X")  =  uTW  '  * 

where  e  and  erg  were  calculated  to  be  38  eV  and  4.34  x  10“^^ 
cm^  for  helium  and  150  eV  and  8  x  10”^^  cm^  for  nitrogen, 
so  that  Ecr/P  —  550  V/cm/Torr  for  helium  and  Ecr/P  = 
4000  V/cm/Torr  for  nitrogen  [8],  [24].  These  Ecr/P  are  highly 
overestimated,  even  if  compared  with  F^ax,  cited  in  Section  I. 
Slavin  and  Sopin  instead  of  g  —  aoNe/eE  used  g  =  Ecr/E 
with  Ecr/P  —  4000  V/cm/Torr  for  nitrogen. 


a{u)  =  (To 


III.  Computation  Approach 

MC  techniques  being  consistently  stochastic  seem  to  be 
the  most  adequate  to  the  stochastic  nature  of  REs  because 
these  techniques  are  free  from  approximations  of  mathematical 
origin.  They  are  especially  convenient  in  those  cases  when  the 
number  of  REs  is  so  small  that  continuous  distribution  func¬ 
tions  are  inadequate.  MC  techniques  are  extremely  computer 
time-consuming.  This,  however,  is  the  only  basic  shortcoming 
limiting  a  simulated  temporal  interval  and  therefore  an  accuracy 
of  results  obtained.  In  the  most  of  published  works,  where  MC 
was  employed  (see,  e.g.,  [14],  [25]~[27]),  REs  appeared  on  a 
background  of  the  total  electron  population  and  were  studied  in 
a  manner  not  allowing  us  to  obtain  their  fundamental  charac¬ 
teristics.  Here,  the  MC  technique  was  realized  in  a  sufficiently 
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Helium, E=100  kV/cm,  P=1  atm., 


Fig.  2.  Fitting  by  (lO)  of  typical  MC  time  dependence  of  the  fraction  of  electrons  achieved  =  4  keV  until  the  moment  t  (A\,  =  5000.  =  3  •  10"'^’  .s). 


general  manner,  so  that  results  obtained  enable  us  to  single  out 
REs  and  estimate  their  deposition  to  discharge  processes  more 
accurately  than  available  analytical  formulas  allow. 

The  following  approach  was  adopted.  It  was  supposed  that  in 
a  dense  gas  with  a  strong  electric  field,  there  is  an  assembly  of 
No  electrons  with  initial  energy  of  1  eV  and  initial  velocities 
unidirectional  with  the  electric  force.  Electron  trajectories  were 
followed  up  to  some  upper  energy  Cmax  (a  variable  parameter) 
during  some  fixed  time  t^ax  large  enough  for  a  considerable 
number  of  electrons  to  achieve  Cmax-  In  the  event  the  individual 
electron  achieved  the  energy  ^niax  earlier,  simulation  of  its  his¬ 
tory  was  terminated.  For  every  field  intensity,  a  specific  value 
emax  =  ^rxin  cxists  high  cuough  to  satisfy  strong  inequality 
^(^max)  <C  eE,  guaranteeing  the  probability  of  electrons  to 
move  through  Crun  backward  to  low  energies  to  be  negligibly 
small.  Therefore,  electrons  with  energies  above  £r„n  can  be  con¬ 
sidered  as  REs,  and  Cmn  is  possible  to  define  as  a  stochastic  run¬ 
away  threshold  analogous  to  the  deterministic  one  Etu  •  Such  for¬ 
mulation  is  similar  to  Gurevich’s  reservoir  of  low-energy  elec¬ 
trons  TVo  with  a  leakage  caused  by  the  action  of  the  electric  field 
[10].  Unlike  analytical  formulas  obtained  from  stationary  KE 
written  for  one  variable,  either  v  or  e,  with  /v.  —  1,  MC  compu¬ 
tations  were  performed  in  the  space  of  three  variables  (6,  //.,  t), 
where  fi  is  the  cosine  of  the  angle  relative  to  the  electric  force. 
To  simulate  electron  trajectories,  the  MC  code  realizing  an  in¬ 
dividual  collision  scheme  with  a  “null  collision”  approach  [15] 
was  employed. 

Computations  were  carried  out  for  nitrogen  as  the  main  com¬ 
ponent  of  the  atmosphere  and  for  helium,  the  gas  with  the  sim¬ 
plest  structure  of  atomic  levels.  Atmospheric  number  density 
N  was  assumed.  The  field  intensity  was  varied  in  the  domains 
35-400  kV/cm  and  240^00  kV/cm  for  helium  and  nitrogen,  re¬ 
spectively.  Ecr/P  —  270  kV/cm/atm  for  nitrogen  and  Ecr/P  — 
51  kV/cm/atm  for  helium  were  adopted  to  be  close  to  F’max/e 
[1].  The  other  values  were  as  follows:  ?  =  80  eV  for  nitrogen 
and  44  eV  for  helium  [8],  [24]  in  (2),  150  eV  and  38  eV  [7] 
in  (7),  Ei  =  15.6  eV  for  nitrogen  and  23.42  eV  for  helium 
[16],  and  in  (5),  for  nitrogen,  e*  =  10  eV  exactly,  as  Sizykh 


TABLE  1 

MC  Group  Thmpp.raturh  of  Electrons  with  Energies  Bhi.ow  200 
eV  Versus  Electric  Fiei.d  Intensity 


Nitrogen 

Helium 

£,  kV/cm 

7;eV 

kV/cm 

r,ev 

400 

17.87 

400 

42.86 

375 

16.73  , 

300 

39.57 

350 

15.52 

200 

34.39 

325 

14.34 

150 

29.89 

300 

13.16 

100 

22.89 

270 

11.81 

75 

18.01 

260 

11.39 

60 

14.72 

250 

10.97 

50 

12.56 

240 

10.54 

45 

11.54 

235 

10.36 

40 

10.61 

200 

9.02 

35 

9.75 

150 

7.28 

too 

5.65 

stated  [12].  Electron  temperature  in  (2)  and  (3)  was  calculated 
as  T  (2/3)  X  (c(0-200  eV)),  where  (c(0-200  eV)}  is  the  av¬ 
erage  energy  of  low-energy  electrons  obtained  from  MC  com¬ 
putations  (see  Table  I). 

The  following  set  of  cross  sections  for  elementary  processes 
was  employed.  In  the  domain  of  energies  above  1  keV,  the  evalu¬ 
ated  electron  data  library  (EEDL)  was  used  for  elastic  scattering 
of  electrons  and  impact  ionization  [16].  Integral  excitation  cross 
sections  from  Phelps’s  and  Pitchford’s  library  [17],  [28]  were 
employed.  A  total  ionization  cross  section  below  1  keV  was 
taken  from  the  paper  of  Rapp  and  Englander-Golden  [  1 8].  The 
remaining  integral  and  differential  cross  sections  were  cho.sen 
from  [19],  [29],  [30]  for  helium  and  [20],  [31]  for  nitrogen.  For 
differential  cross  sections  of  excitation  of  electronic  states  in  ni¬ 
trogen,  below  50-eV  data  of  Cartwright  et  al  [32]  were  used. 
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Helium,  P=1atm.,  emax  =  4keV  (a) 


Nitrogen,  P=1atm.,  ^niax  =  4keV  (b) 


Fig.  3.  Temporal  dependencies  of  the  fraction  of  electrons  achieved  =  4  keV  until  the  moment  t  for  a  number  of  field  intensities. 


At  higher  energies,  electrons  after  excitation  collisions  were 
adopted  to  move  forward.  The  following  nitrogen  electronic 
states  were  taken  into  account:  {u  =  5-9,  Sex  =  7  eV  and 

Z/  =  10  -  oo,  £ex  =  7.8  eV),  B^Ug  {sex  -  7.35  eV),  W^Au 
(Sex  =  7.36  eV),  (sex  =  8.16  eV),  C^Uu  (Cex  =  11.03 

eV),  {Sex  =  8.89  eV),  a^Hg  (sex  =  8.55  eV),  and 

the  integral  cross  section  of  all  remaining  singlet  states  with 
the  excitation  threshold  Sex  =  13  eV.  The  following  excitation 
states  of  helium  were  included  separately:  2^P{£ex  =  21.21 
eV),  2^S(£ex  -  20.61  eV),  2^Pieex  =  20.96  eV),  2^S{£ex  = 
19.82  eV),  along  with  effective  state  3SPD(£ex  =  22.97  eV) 
uniting  states  3^5,  3^P,  3^5,  3^P,  3^D  with  close  exci¬ 

tation  thresholds. 

IV.  Results  and  Discussion 

Preliminary  calculations  proved  that  for  the  considered  fields, 
almost  all  electrons  above  4  keV  proceed  to  gain  energy  fur¬ 
ther  because  the  deceleration  effect  of  collisions  above  4  keV 


appeared  to  be  negligible.  Fig.  2  illustrates  typical  temporal 
MC  dependence  of  the  fraction  Nr{t)/No  in  helium  for  one 
field  intensity.  Here,  Nr  (t)  is  the  number  of  electrons  achieved 
^max  =  4  keV  until  the  moment  t.  The  runaway  process  can  be 
described  by  the  following  set  of  equations  by  fitting  parameters 
to  and  i^ro- 

(  dN  (f) 

^  Z.,0  X  iVe(0,  t'  =  t-to 

'  Nrit')  +  Ne{t')  =  No 
.  Nr{to)  =  0. 

Its  solution 

Nr{t^)  -  iVo  X  (1  -  exp[-jyrot'])  (10 ) 

is  close  to  linear  dependence  at  f  ~  to  and  asymptotically 
tends  to  constant  Nq  at  large  t.  Here,  Uro  defines  a  production 
rate  of  electrons  with  energy  ^max*  MC  results  for  all  fractions 
Nr{t)/No  were  fitted  by  (10),  as  is  illustrated  in  Fig.  2.  A  dis¬ 
crepancy  seen  near  to  is  caused  by  the  number  of  electrons  with 
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^rnax» 


^240kV/cm  ^250kV/cm  -*-260kV/cm  270kV/cm  --^280kV/cm 
-^290kV/cm  “-^-300kV/cm  -^-350kV/cm  ^400kV/cm 


Helium,  P=1atm.  (b) 


35kV/cm  “A-  40kV/cm  -s-  45kV/cm  50kV/cm 

60kV/cm  75kV/cm  100kV/cm  200kV/cm 


Fig.  4.  Dependencies  of  the  production  rate  I'r^y  of  electrons  with  maximum  simulated  energy  on  f.nax  for  a  number  of  field  intensities. 


£„,ax  in  the  vicinity  of  to  is  too  small.  Actual  delay  time  tj, 
namely,  the  time  necessary  for  the  production  of  the  first  elec¬ 
tron  with  tinax.  is  l^ss  than  MC  simulations  of  evolution  of 
electron  assembly  with  large  Nq  performed  during  sufficiently 
short  tuiixx  ~  2  X  ^0  proved  that  actually  to  is  close  to  Fig.  3 
illustrates  MC  dependencies  of  A^,.(/.)/Ao  for  a  number  of  field 
intensities.  All  curves  are  similar  to  each  other  and  are  satisfac¬ 
tory  fitted  by  (lO). 

Fig.  4  displays  the  dependence  of  the  production  rale  /y,.o  of 
electrons  with  the  energy  on  6i„ax-  Each  /^,  o(^iiiax-  E)  in 
Fig.  4  was  obtained  by  fitting  (lO)  to  the  corresponding  MC 
dependence  A^,.(/;)/A^o  for  a  given  E  and  selected  c„,ax.  ns  is 
demonstrated  in  Figs.  2  and  3.  At  sufficiently  large  Cmax  = 
every  curve  /4  o(^uiax-  tor  either  gas  species  practi¬ 
cally  terminates  to  decrease,  achieving  almost  a  constant  value 
So  it  is  reasonable  to  define  i^rmioiE)  as  an  actual 
runaway  rate  and  ns  a  stochastic  runaway  threshold 

for  a  given  E.  At  ejnax  —  4  keV,  /vu  really  achieves  almost 


a  constant  value,  even  for  the  lowest  field  considered.  As  for 
the  deterministic  threshold  en,  (Fig.  I),  the  weaker  the  field,  the 
higher  At  one  and  the  same  E,  however,  emn  is  higher 
than  £■//,.  Therefore,  an  actual  flux  of  REs  is  less  than  can  be 
predicted  basing  on  £•//,.  Formulas  (2),  (3),  (5)-(7)  imply  that 
for  a  given  E/P  and  P  different  from  I  atm,  the  rate  can  be 
■scaled  as  i\„„{E/P)  =  P  x  iyru„n{E/P). 

MC  field  dependencies  of  the  runaway  rate  nre  pre¬ 

sented  in  Fig,  5  along  with  i^rnnoiP)  calculated  from  (2),  (3), 
(5),  and  (6).  Statistical  accuracy  of  MC  results  is  better  than 
\57c.  The  rates  obtained  from  (2)  for  helium  [Fig.  5(a)l,  ap¬ 
peared  to  be  amazingly  close  to  MC  rates  in  vicinity  and  below 
the  adopted  Ec  -  Formula  (3)  gives  /y,„„  by  the  order  of  mag¬ 
nitude  lower  than  MC  results  in  the  upper  domain  of  the  tested 
field  intensities.  In  comparison  with  MC  results,  (6)  highly  over¬ 
estimates  in  the  domain  of  weaker  fields.  At  high  E,  it 
tends  to  predict  the  runaway  rale  coincident  with  MC  calcula¬ 
tions.  In  general,  (2)  combined  with  (3),  predicts  the  behavior 
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Nitrogen,  P  =1  atm.  (b) 


E ,  kV/cm 

— ♦ —  MC  (elastic  scattering  +  Ionization  +  electronic  excitation  with  angular  scattering) 
-  -  O-  -  MC  (elastic  scattering  +  Ionization) 


□  MC  (elastic  scattering  +  ionization  +  electronic  excitation  without  angular  scattering) 

■  MC  (elastic  scattering  +  ionization  +  electronic  excitation  with  angular  scattering; 

±10%  variations  of  ionization  cross  section) 

—  -  MC  (angular  scattering  turned  off,  energy  losses  due  to  excitation  and  ionization) 

-  o  -  (2),  (3)  (5)  (6) 


Fig.  5.  Field  dependencies  of  the  runaway  rate  obtained  from  MC  simulations  and  from  analytic  formulas. 


of  i^rnniE)  Similar  to  that  computed  by  MC.  The  dependence 
z/run(^)  predicted  by  (6),  in  general,  also  is  similar  to  that  com¬ 
puted  by  MC;  however,  it  is  strongly  shifted  to  the  low  energies. 
For  nitrogen  [Fig.  5(b)],  all  formulas  give  runaway  rates  much 
higher  than  MC  ones  throughout  the  tested  field  domain,  with 
(2)  and  (3)  giving  the  lowest  discrepancy.  In  extremely  strong 
fields,  (3)  tends  to  give  i^run  coincident  with  MC  rates.  For¬ 
mula  (5)  gives  the  largest  discrepancy  with  MC  in  the  domain  of 
small  fields.  As  for  helium,  the  curve  calculated  from  (6)  for  ni¬ 
trogen  displays  a  decreasing  section  in  the  range  of  low  energies 
not  shown  in  Fig.  5(b).  Actually,  however,  all  formulas  highly 
overestimate  the  runaway  rate  in  nitrogen.  This  is  explained  by 
the  disordering  effect  of  angular  scattering  in  nitrogen  being 
stronger  than  in  helium.  All  formulas  entirely  discount  angular 
scattering.  Turning  off  both  elastic  and  inelastic  angular  scatter¬ 
ings  increased  MC  rates  above  those  calculated  from  (2)  and  (3) 
[Fig,  5(b)]. 


MC  computations  for  nitrogen  were  carried  out  to  study  the 
effect  of  excitation  interactions  and  inaccuracies  of  ionization 
cross  section.  In  Fig.  5(b),  plotted  points  are  calculated  with 
±10%  variation  of  the  ionization  cross  section,  most  likely 
corresponding  to  the  accuracy  of  the  available  data.  Obvi¬ 
ously,  neither  incorporation  of  the  excitation  nor  variation  of 
the  ionization  cross  section  can  account  for  the  discrepancy 
between  the  rates  calculated  by  MC  and  from  the  formulas. 
So,  the  discrepancy  is  inherent  to  analytical  theories  because 
of  the  approximations  adopted.  Fig.  5(b)  illustrates  the  effect 
of  angular  scattering  of  electrons  caused  by  excitation  colli¬ 
sions.  We  can  see  that  within  the  accuracy  of  the  present  MC 
computations,  they  do  not  affect  significantly  the  results.  On 
the  contrary,  the  elastic  scattering  makes  the  main  contribu¬ 
tion  to  the  formation  of  the  angular  distribution  of  low-en¬ 
ergy  electrons.  It  was  simulated  as  accurate  as  possible  by 
using  complete  differential  cross  section  taking  into  account 
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5,  kV/cm 

Fig,  6.  Field  dependencies  ol  the  lime  scale  for  r-told  increase  of  the  total  electron  number  obtained  from  MC  simulations  (curves)  and  calculated  from 
experimental  data  (markers). 


« —  Helium,  MC  for  50kV/cm  - without  collisions  for  50kV/cm 


Fig.  7.  MC  dependencies  of  the  delay  time  of  production  of  electrons  with  maximum  simulated  energy  on 


anisotropy  of  the  elastic  scattering  below  50  eV  accortiing  to 
Trajmar  et  al  [32]. 

To  check  the  MC  technique  usetJ,  it  was  applied  to  com¬ 
pute  field  dependencies  of  the  time  tc{E)  necessary  for  an 
e-fold  increase  of  the  total  electron  population,  to  be  com¬ 
pared  with  tf:  —  l/(f>;  X  w)  calculated  by  employing  mea¬ 
sured  data  for  ionization  coefficient  a  and  drift  velocity  t/' 
[21],  [33],  [34].  Evolution  of  an  assembly  consisting  pri¬ 
marily  of  No  ~  10*^  electrons  was  simulated  during  rea¬ 
sonable  time  guaranteeing  sufficient  multiplication, 

limited  actually  to  hundreds  times.  For  instance,  in  nitrogen, 
^(finax  =  9  X  s)/A^o  =  890  for  E  =  400  kV/cm  and 

N{tmn.K  =  2  X  10-1^  s)/iVo  250  for  E  ^  100  kV/cm. 
The  portion  of  REs  produced  during  was  so  small  that 
they  did  not  deposit  multiplication.  Fig.  6  demonstrates  good 
agreement  between  MC  results  and  experimental  data,  thus, 
testifying  to  the  validity  of  MC  code  in  general.  According  to 


Figs.  5  and  6,  a  general  condition  x  <  1  is  satisfied. 
It  means  that  the  number  of  secondary  low-energy  electrons 
always  is  larger  than  RE  number. 

In  the  framework  of  the  deterministic  de.scription, 
E  =  is  the  critical  value  of  the  field  intensity 

ensuring  that  all  electrons,  including  those  with  zero  initial 
energy,  are  involved  in  the  mode  of  permanent  acceleration 
[1].  Results  of  the  above  consistently  stochastic  computations 
proved  that  actually  it  is  not  the  case  because  the  fraction 
of  REs  is  determined  not  by  the  runaway  rate,  but  by  the 
product  x  A/.  Here,  the  characteristic  runaway  time 

is  At  =  inin[A/f:.  /r(E')],  where  Atf:  is  the  duration  of 
the  existence  of  the  field  strong  enough  to  guarantee  electron 
runaway. 

The  delay  time  necessary  for  the  first  electron  with  the 
energy  to  appear  naturally  depends  on  ^ts  illustrated 
in  Fig.  7,  along  with  /  j  calculated  with  all  collisions  turned  off. 
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As  an  illuminating  example,  it  is  interesting  to  apply  the  ob¬ 
tained  results  to  analysis  of  d’ Angelo,  who  considering  a  pos¬ 
sibility  of  electron  acceleration  in  front  of  a  return  stroke,  esti¬ 
mated  that  at  P  -  1  atm,  the  field  E  -  100  kV/cm  with  du¬ 
ration  10  ns  guarantees  100  kA/cm^  for  RE  current  in  the  head 
of  a  return  stroke  [22].  This  would  mean  that  REs  constitute  the 
total  current  in  the  head.  However,  according  to  L'runo  x  4 
the  number  of  low-energy  electrons  far  exceeds  the  RE  number. 
Therefore  the  low-energy  electrons,  not  REs,  carry  most  of  the 
current  in  the  head  of  the  return  stroke,  and  hence,  100  kA/cm^ 
is  too  large  for  RE  current  in  the  lightning. 

V.  Conclusion 

Field  dependencies  of  the  runaway  rate,  runaway  delay  time, 
and  stochastic  runaway  threshold  were  calculated  for  helium 
and  nitrogen.  In  addition,  there  were  calculated  field  dependen¬ 
cies  of  the  time  necessary  for  an  e-fold  increase  of  the  total  elec¬ 
tron  number.  The  results  are  rather  general  within  the  tested  do¬ 
mains  of  P,  namely,  35-400  kV/cm  for  helium  and  240-400 
kV/cm  for  nitrogen.  It  was  senseless  to  descend  to  the  lower  E 
because  of  a  very  low  runaway  rate  and  in  view  of  extremely 
time-consuming  computations.  Under  certain  limitations,  the 
obtained  results  can  be  applied  to  discharges  with  REs  at  pres¬ 
sures  other  than  1  atm  and  in  fields  varying  in  space  and  time. 
Excitation  interactions,  inaccuracies  of  ionization  cross  section, 
and  angular  scattering  of  electrons  caused  by  inelastic  collisions 
do  not  affect  significantly  the  runaway  rate. 

Unlike  the  generally  accepted  opinion,  the  runaway  threshold 
appears  in  the  framework  of  the  stochastic  description  as  well. 
The  production  rate  of  electrons  with  the  upper  energy  ^max? 
to  which  electron  trajectories  were  simulated,  almost  ceases  to 
decrease  with  increasing  £max-  The  energy  ^run^  above  which 
this  rate  is  practically  constant,  can  be  defined  as  the  stochastic 
runaway  threshold.  The  field  dependence  eYun{E)  is  similar  to 
the  dependence  eth{E).  The  stochastic  threshold  is  higher  than 
Eth  predicted  by  (1)  and  more  justified  physically.  Unlike  the 
rigorous  deterministic  threshold  Sth  not  incorporating  a  number 
of  REs,  the  stochastic  one,  however,  is  somewhat  artificial  be¬ 
cause  1)  electrons  with  energies  below  enm  have  nonzero  prob¬ 
ability  to  become  runaways  during  a  time  interval  longer  than 
the  adopted  maximum  simulation  time  tjnax,  and  2)  actually  the 
production  rate  of  electrons  with  e^ax  higher  than  adopted  Emn 
proceeds  weakly  to  decrease  with  a  ^max  increase  (see  Fig.  4). 

Dependencies  of  the  runaway  rate  on  the  field  intensity  calcu¬ 
lated  from  analytical  formulas,  were  compared  with  MC  ones. 
The  results  convincingly  proved  that  Gurevich’s  formula  (2) 
in  the  domain  of  its  validity,  E  <  Ecr  in  helium  gives  run¬ 
away  rates  practically  coinciding  with  MC  rates  obtained  by 
employing  a  complete  set  of  cross  sections,  provided  that,  how¬ 
ever,  the  electron  temperature  available  from  MC  computations 
is  inserted  in  the  formula.  This  is  remarkable  in  view  of  approx¬ 
imations,  in  the  framework  of  which  the  formula  has  been  de¬ 
duced.  At  high  fields,  the  formula  of  Slavin  and  Sopin  (6)  in¬ 
corporating  theory  of  Kozyrev  et  al  [8],  [24]  fits  MC  results  for 
helium  best  of  all.  For  nitrogen,  all  formulas  give  a  strong  dis¬ 
crepancy  because  angular  scattering  of  electrons  was  not  taken 
into  account.  Gurevich’s  formula  (2)  combined  with  its  rather 


arbitrary  extrapolation  to  the  range  of  strong  field  (3)  proposed 
by  Kremnev  and  Kurbatov  fits  MC  rates  best  of  all. 

Naturally  an  MC  technique  realizing  an  individual  collision 
scheme  is  free  from  limitations  inherent  to  any  analytical  ap¬ 
proach,  and  therefore,  its  results  are  much  reliable.  What  is  im¬ 
portant  is  that  the  MC  technique  allows  us  at  least  to  estimate  the 
accuracy  of  the  results.  The  performed  MC  simulations  proved 
that  even  in  a  very  strong  field,  a  consistently  stochastic  descrip¬ 
tion  of  low-energy  electrons  is  necessary  to  obtain  correct  re¬ 
sults.  However,  computations  by  analytical  formulas  are  by  far 
less  time-consuming.  Therefore,  it  would  be  reasonable  to  em¬ 
ploy  them  with  a  preliminary  fitting  to  MC  results. 

Were  computations  performed  by  the  formulas  with 
Ecr  IP  =  b50  V/cm/Torr  for  helium  and  Ecr/P  =  4000 
V/cm/Torr  for  nitrogen  available  in  [8],  [24]  and  used  for 
nitrogen  by  Slavin  and  Sopin  [7],  they  would  give  that  almost 
all  electrons  are  runaways  in  absolute  disagreement  with  MC 
computations.  Sizykh’s  statement  that  “runaway  electrons  can 
exist  at  any  value  of  the  field  intensity  E  on  account  of  energy 
losses  decrease  along  with  the  decrease  of  all  cross  sections  for 
all  collision  processes”  perhaps  in  general  is  valid,  provided, 
however,  that  the  considered  time  interval  is  extremely  long. 
The  weaker  the  field,  the  longer  the  time  interval  necessary  for 
at  least  one  RE  to  appear.  However,  within  the  framework  of 
a  particular  experiment,  the  number  of  REs  is  limited  by  the 
duration  of  the  process  studied  and  the  field  intensity,  so  that 
REs  never  will  appear  if  the  field  is  too  weak.  This  was  strictly 
shown  by  extremely  strong  dependence  of  ^'run  on  E  in  the 
domain  of  weaker  fields. 
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Current  Sheath  Dynamics  and  X-Ray  Emission 
Studies  from  Sequential  Dense  Plasma  Focus  Device 

Ruby  Gupta,  S.  R.  Mohanty,  R.  S.  Rawat,  and  M.  P.  Srivastava 


Abstract — A  conventional  dense  plasma  focus  (DPF)  device 
shows  one  or  two  compression  phases.  In  the  present  paper,  we 
report  on  a  sequential  DPF  device  with  modified  central  electrode 
design  to  obtain  more  than  two  compression  phases  (i.e.,  multiple 
focusing).  The  sequential  focusing  was  optimized  by  taking  six  dif¬ 
ferent  electrode  designs  for  different  filling  gas  pressures  of  argon. 
The  optimization  was  inferred  on  the  basis  of  intensity  of  spikes 
of  voltage  probe  signals.  The  optimized  central  electrode  design 
has  then  been  used  to  study  current  sheath  dynamics  and  X-ray 
emission  using  nitrogen  laser  shadowgraphy  and  diode  X-ray 
spectrometer,  respectively.  Shadowgraphs  show  the  breaking 
of  current  sheath  during  first  focus  as  one  part  of  it  goes  into 
radial  collapse  phase,  and  the  other  remains  in  axial  acceleration 
phase.  The  one  that  remains  in  axial  phase  moves  axially  ahead 
in  comparison  to  the  other  part  of  the  current  sheath.  A  bubble 
formation  is  observed  after  first  focus  phase.  Shadowgraphs 
also  show  the  formation  of  weak  off-axis  second  focus.  Finally, 
an  on-axis  third  radial  collapse  is  observed  shadowgraphically 
(X-ray  signals  depict  a  multispike  structure  indicating  hereby 
a  sequential  X-ray  bursts  from  the  sequential  DPF  device).  The 
plasma  electron  temperatures  have  also  been  estimated  using 
these  X-ray  signals. 

Index  Terms — Current  sheath,  dense  plasma  focus,  electron  tem¬ 
perature,  sequential,  shadowgraphy.  X-ray  emission. 

L  Introduction 

The  dense  plasma  focus  (DPF)  device  has  been  developed 
as  a  fusion  device  [1]  with  most  of  its  studies  being  done 
in  hydrogen  and  its  isotopes.  Because  DPF  is  also  a  source  of 
X-rays,  energetic  ions,  and  relativistic  electrons,  it  has  found 
its  applications  in  other  areas  too.  Use  of  energetic  ions  of  DPF 
for  phase  changes  of  materials  [2]~[5]  and  deposition  of  thin 
films  [6],  [7]  has  been  reported.  The  relativistic  electrons  of 
this  device  have  been  used  for  microlithography  [8].  The  DPF 
device  also  emits  soft  X-rays  during  pinch  and  subsequent 
phases.  There  has  been  an  increasing  potential  application 
of  plasma  X-ray  sources  in  X-ray  spectroscopy,  X-ray  cine¬ 
matography,  microfabrication,  microscopy,  laser  pumping,  and 
high-density  microelectronic  lithography  [9]-[12].  However, 
X-ray  cinematography  requires  a  repetitive  (sequential)  pulsed 
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Fig.  1.  Schematic  of  experimental  setup. 

source  of  X-rays  and  neutrons,  for  which  many  efforts  are 
being  made  recently.  Lee  et  al  [13]  were  the  first  to  indicate 
the  possibility  of  developing  a  sequential  focus  by  placing  a 
flat  disk  as  an  auxiliary  anode  above  the  central  electrode  of 
the  DPF  device.  Subsequently,  Lee  [14]  proposed  a  theoretical 
model  for  sequential  focusing.  In  another  study,  Nisar  et  al. 
[15]  reported  to  achieve  sequential  focusing  by  placing  a 
target  disk  being  hung  by  two  off-centered  insulating  supports 
instead  of  the  single  axially  centered  support  used  by  Lee  et 
al  [13].  Nisar  et  al  [15]  interpreted  sequential  focusing  due 
to  the  presence  of  two  spikes  in  the  voltage  signal.  However, 
two  spikes  in  the  voltage  signal  are  easily  seen,  even  in  a 
conventional  DPF  device  [16]  without  placing  any  target  disk. 
Hence,  the  observation  of  only  two  spikes  in  a  voltage  signal 
cannot  be  taken  as  conclusive  evidence  of  sequential  focusing 
event  in  the  DPF  device. 

In  the  present  study,  we  tried  several  modified  versions  of 
anode  design  [17]  to  obtain  sequential  focusing  in  our  DPF  de¬ 
vice.  The  voltage  probe  signals  are  used  to  optimize  the  best 
modified  anode  design  for  strong  sequential  focusing  action. 
Such  an  optimized  anode  design  has  been  used  to  study  cur¬ 
rent  sheath  dynamics  and  X-ray  emission.  The  subnanosecond 
N2  laser  shadowgraphic  technique  is  used  for  assessing  current 
sheath  dynamics  in  the  best  optimized  sequential  focus  device. 
The  X-ray  emission  studies  have  been  performed  using  a  mul¬ 
tichannel  diode  X-ray  spectrometer.  We  have  also  estimated  the 
plasma  electron  temperatures  using  these  X-ray  signals. 
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(a)  (b)  (c) 


Fig.  2.  Modified  anode  having  cylindrical  attachments  with  two  supports:  (a) 
each  support  length  12  mm;  radii  9.5  and  9.5  mm;  (b)  each  support  length  12 
mm;  radii  8.5  and  7.5  mm;  and  (c)  each  support  length  12  mm;  radii  10.5  and 
1 1.5  mm. 


(a )  (  b)  (c) 

Fig.  3.  Modified  anode  having  cylindrical  attachments  with  single  .support:  (a 
each  support  length  12  mm;  radii  9.5  and  9.5  mm;  (b)  each  support  length  12 
mm;  radii  8.5  and  7.5  mm;  and  (c)  each  support  length  12  mm;  radii  10.5  and 
1 1.5  mm. 


Fig.  4.  Typical  voltage  probe  signal  for  anode  design  of  Fig.  3(b)  at  pressure 
=  80  Pa.  Horizontal  one  division  =  1  //s.  Vertical  one  division  =  1  V. 


(b) 

Fig.  5.  Shadowgraphs  of  current  sheath  configurations  showing  first  radial 
collapse,  (a)  f(  =  ~1G  ns  and  (b)  //  =  +4  ns,  from  first  voltage  spike. 

II.  Experimental  Setup  and  Methodology 

The  DPF  device  u.sed  in  this  study  is  a  3.3-kJ  Mather-type 
device  with  different  modified  anode  designs  whose  schematic 
is  shown  in  Fig.  1.  The  details  of  the  device  can  be  found 
elsewhere  [18].  We  have  modified  the  conventional  hollow 
cylindrical  central  electrode  (anode)  by  taking  several  designs 
of  anode,  as  shown  in  Figs.  2  and  3.  We  have  taken  the 
copper  anode  larger  in  length  than  the  conventional  DPF  and 
have  carved  two  cylindrical  attachments  on  the  top  portion 
with  either  two  supports  or  a  single  support,  as  shown  in 
Figs.  2  and  3,  respectively.  The  effective  length  and  radii  of 
the  main  part  of  the  anode  without  .supports  and  cylindrical 
attachments  is  15.0  cm  and  9.5  mm,  respectively.  Figs.  2(a) 
and  3(a)  show  that  the  cylindrical  attachments  have  radii  same 
as  the  main  part  of  the  anode,  whereas  Figs.  2(b)  and  3(b) 
show  that  their  radii  decrease  gradually  with  respect  to  the 
main  part  of  the  anode.  On  the  other  hand.  Figs.  2(c)  and 
3(c)  have  their  radii  increasing  gradually  with  respect  to  the 
main  part  of  the  anode.  The  common  feature  in  all  of  these 
designs  is  that  the  length  of  support  is  a  little  more  than  the 
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Fig.  6.  Shadowgraphic  sequence  showing  current  sheath  dynamics  after  first  focus  formation,  (a)  ti  =  +98  ns,  (b)  ti  =  +168  ns,  and  (c)  ti  =  +220  ns,  from 
first  voltage  spike. 


radius  of  the  preceding  part.  We  have  done  this  because  Lee 
et  al  [13]  observed  that  the  focus  formation  gets  hindered 
if  there  is  any  obstruction  being  placed  at  a  distance  less 
than  the  radius  of  central  electrode.  Nisar  et  al  [15]  used  a 
target  disk  that  is  not  connected  to  the  central  electrode.  The 
outer  electrodes  consist  of  six  copper  rods  whose  design  was 
kept  same  throughout  the  study.  The  device  is  operated  with 
argon  as  the  filling  gas  in  the  pressure  range  of  50  to  160  Pa. 
The  device  is  powered  by  a  low-inductance  30-^F  capacitor 
bank  charged  up  to  14.2  kV.  The  Tektronix  TDS  784  digital 
storage  oscilloscope  (located  at  Plasma  Research  Laboratory, 
Department  of  Physics  and  Astrophysics,  University  of  Delhi) 
has  been  used  for  recording  voltage  probe,  laser  flash,  and 
X-ray  signals.  The  sequential  focusing  was  optimized  by 
taking  different  electrode  designs  tested  for  different  filling 
gas  pressures  of  argon.  The  anode  design  shown  in  Fig. 
3(b)  gave  the  strongest  sequential  focusing  action,  inferred  on 
the  basis  of  the  voltage  probe  signal,  which  was  then  used 
for  studying  current  sheath  dynamics  and  X-ray  emission. 


The  plasma  electron  temperatures  were  estimated  from  X-ray 
signals. 

We  performed  shadowgraphy  to  study  the  current  sheath 
dynamics  in  different  phases  of  sequential  DPR  The  shadow- 
graphic  system  used  in  the  present  study  is  similar  to  that  of 
Lee  et  al  [19].  This  shadowgraphic  system  uses  a  homemade 
nitrogen  laser  [20],  with  laser  gap  being  operated  at  atmo¬ 
spheric  pressure  of  commercially  available  N2  gas.  The  laser 
pulse  (A  =  337  nm)  of  fairly  good  beam  quality  and  pulsewidth 
of  about  1  ns  (spatial  resolution  of  0.2  mm)  may  easily  be 
obtained.  High-speed  polaroid  film  is  used  for  shadowgraph 
recording.  The  instant  of  plasma  focus  is  defined  as  the  time 
instant  of  the  peak  of  voltage  spike  on  the  voltage  probe  signal. 
The  plasma  focus  times  are  found  to  vary  from  shot  to  shot, 
because  of  the  jitter  due  to  the  parallel-plate  swinging-cascade 
spark-gap  and  focus  rundown  time.  The  jitter  in  different  focus 
time  instants  and  laser  flash  time  instant  compel  us  to  take  a 
large  number  of  shots  to  record  the  shadowgraphs  of  interest 
and  to  draw  a  meaningful  current  sheath  dynamics  sequence 
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(a) 


(b) 


(c) 

Fig.  7.  Shadowgraphic  sequence  showing  current  sheath  dynamics  during  second  focus  formation,  (a)  -8G  ns,  (b)  U  —  -31  ns.  and  (c)  ti  ~  +8  ns,  from 

second  voltage  spike. 


for  modified  anode.  It  is  important  to  mention  here  that  the 
diagnostic  viewport  window,  which  is  used  for  shadowgraphy 
in  our  device,  is  at  such  a  height  that  it  was  not  possible  to 
record  the  main  acceleration  phase,  i.e.,  the  acceleration  phase 
at  the  main  anode  before  first  focus. 

X-ray  emission  from  sequential  plasma  focus  has  been  inves¬ 
tigated  and  reported  by  us  in  one  of  our  earlier  papers  [21],  The 
same  multichannel  diode  X-ray  spectrometer  (DXS)  [21]  has 
been  used  to  study  X-ray  signals, 

III.  Results  and  Discussion 

The  DPF  device  with  modified  anode  design  is  operated  at 
14,2  kV.  The  voltage  signals  for  all  of  the  anode  designs  with 
filling  pressure  in  the  range  of  60-80  Pa  show  three  or  more 
spikes.  For  gas  pressures  beyond  160  Pa  no  focus  formation 
takes  place  for  all  of  the  anode  designs.  For  operating  pressures 
greater  than  80  Pa,  voltage  peaks  reduce  in  number  and  inten¬ 
sity  with  focusing  being  delayed.  Moreover,  for  pressures  below 
60  Pa  (in  the  present  work  up  to  50  Pa),  intensity  of  peaks  on 
voltage  signals  decreases  gradually. 


It  has  been  observed  that  the  best  sequential  focusing  is 
obtained  for  central  electrode  design  shown  in  Fig.  3(b).  The 
typical  voltage  probe  signal  for  this  central  electrode  design  is 
shown  in  Fig.  4.  All  further  studies  of  current  sheath  dynamics 
and  X-ray  emission  were  done  only  on  the  anode  design  shown 
in  Fig.  3(b).  Until  specified,  all  results  are  for  argon  tilling  gas 
pressure  of  80  Pa. 

Voltage  probe  signals  typically  contain  four  to  five  voltage 
spikes  for  our  sequential  DPF  device  [17|.  Presently,  a  more 
detailed  and  systematic  study  has  been  done  for  the  voltage 
probe  signals  by  taking  many  shots  and  presented  here.  The 
average  time  of  occurrence,  along  with  standard  deviation,  of 
each  spike  after  the  initial  breakdown  has  been  estimated  over 
ten  DPF  shots  from  voltage  probe  o.scillographs  using  simple 
statistical  methods.  The  first  spike  has  been  found  to  occur  at 
about  2.54  ±  0.30  //s  after  the  initial  breakdown  at  the  glass  in¬ 
sulator.  This  invariably  is  seen  to  follow  by  a  relatively  weak 
second  spike  occurring  at  about  2.82  ±  0.26  //s  after  the  break¬ 
down.  The  third  one  is  the  most  intense  of  all  and  is  found  to 
occur  at  3.23  i:  0.32  //s  after  the  breakdown.  This  is  followed 
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(c) 


Fig.  8.  Shadowgraphic  sequence  showing  current  sheath  dynamics  after  second  focus  formation,  (a)  ti  —  +114  ns,  (b)  ti  =  +144  ns,  and  (c)  ti  —  +176  ns, 
from  second  voltage  spike. 


by  one  or  two  more  spikes  that  are  generally  as  intense  as  the 
first  one.  Voltage  probe  signals  give  us  the  crude  idea  of  what  is 
happening  in  sequential  focusing  device. 

The  shadowgraphs  shown  in  Fig.  5(a)  and  (b)  are  taken  at 
ti  =  -16  and  +4  ns  with  respect  to  the  peak  of  the  first  spike 
on  voltage  probe  signals.  Both  of  these  shadowgraphs  show  the 
collapse  of  current  sheath  at  the  top  of  the  main  part  of  the 
anode.  It  may  be  noted  that  the  sheath  from  the  nonsupport  side 
has  almost  reached  the  center  of  the  top  of  the  anode,  whereas 
the  support- side  plasma  sheath  is  still  continuing  in  the  axial 
phase,  as  shown  in  Fig.  5(a)  and  (b).  This  is  possibly  due  to 
the  following  reasons.  First,  the  support  acts  like  an  obstruc¬ 
tion  in  the  usually  followed  path  of  the  radially  collapsing  cur¬ 
rent  sheath.  Second,  the  support  being  off-axis  sustains  the  cur¬ 
rent  density  also  off-axis.  This  makes  the  magnetic  field  much 
stronger  toward  the  support  side,  causing  greater  axial  accelera¬ 
tion  of  the  current  sheath  on  the  support  side.  The  shadowgraph 
shown  by  Fig.  5(b)  shows  the  nonuniform  broken  plasma  focus 
column  after  the  peak  compression  phase.  It  also  shows  the  cur¬ 
rent  sheath  entering  into  the  second  axial  acceleration  phase  on 


the  first  cylindrical  attachment  from  the  nonsupport  side.  The 
sheath  from  the  support  side,  which  is  already  in  axial  accelera¬ 
tion  phase,  is  axially  ahead  in  comparison  to  the  nonsupport-side 
sheath. 

The  shadowgraph  sequence  shown  in  Fig.  6,  taken  at  ti  = 
+98,  +168,  and  +220  ns  after  the  first  focus  peak,  depicts  the 
current  sheath  dynamics  after  first  focus  formation.  The  shad¬ 
owgraph  in  Fig.  6(a)  shows  that  the  current  sheath  from  the 
support  side  has  climbed  over  the  first  cylindrical  attachment 
and  has  entered  into  radial  collapse  phase,  whereas  the  current 
sheath  from  the  nonsupport  side  is  still  in  the  axial  acceleration 
phase.  This  shadowgraph  also  shows  a  “bubble  formation”  in 
front  of  the  axially  moving  current  sheath  [seen  more  clearly  in 
Fig.  6(b)] .  This  “bubble  formation”  has  taken  place  typically  due 
to  the  strong  focusing  event  (first  focus)  at  the  top  of  the  main 
part  of  the  anode.  The  radial  collapse  on  the  top  of  first  cylin¬ 
drical  attachment  is  visible  in  Fig.  6(b)  and  (c).  We  can  also  ob¬ 
serve  the  axial  advancement  of  the  bubble,  which  is  formed  after 
first  focus  in  Fig.  6(b)  and  (c).  It  can  be  inferred  from  Fig.  6(b) 
and  (c)  that  the  current  sheath  collapses  off-axis  (not  seen  in  the 
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Fig.  9.  Three  typical  X-ray  signals  at  60-,  I00-,  and  120-Pa  filling  gas  pressure 
of  argon.  Horizontal  one  division  =  1  //s.  Vertical  one  division  =  1  V. 

shadowgraph).  It  may  also  be  mentioned  that  these  three  shad- 
owgiTtphs  are  occurring  at  a  time  instant  between  the  first  and 
second  major  spikes  in  the  voltage  probe  signal. 

The  shadowgraphic  sequence  shown  in  Fig.  7  is  seen  to  co¬ 
incide  with  the  second  major  voltage  spike  at  time  instants  of 
"86,  -34,  and  +8  ns,  respectively,  with  respect  to  the  peak 
of  second  voltage  spike,  and  thus,  it  is  related  to  the  second 
focus  formation  at  the  top  of  first  cylindrical  attachment  [e.g., 
see  Fig.  7(c),  where  it  is  clear  that  the  focus  column  happens  to 
be  just  visible  behind  the  vertical  support  of  the  second  cylin¬ 
drical  attachment].  This  set  of  shadowgraphs  has  much  more 
prominent  current  sheaths  in  comparison  to  the  shadowgraphic 
set  of  Fig.  6.  We  can  also  observe  the  axially  moving  bubble  in 
front  of  these  radially  collapsing  current  sheathes.  It  can  also 
be  seen  that  the  current  sheath  that  was  initially  lagging  behind 
(as  far  as  axial  position  is  concerned)  is  now  trying  to  catch  the 
other  sheath.  The  reason  being  is  that  the  second  support  for 
second  cylindrical  attachment  is  on  the  diametrically  opposite 
side  of  the  first  one.  Therefore,  current  density  now  becomes 
larger  on  the  second  support  on  the  diametrically  opposite  side 
of  the  first  support,  thus,  creating  a  stronger  magnetic  field  to¬ 
ward  this  second  support.  This  stronger  magnetic  field  will  push 
the  second  support-side  current  sheath  to  move  faster  so  that  the 
two  sheaths  now  collapse  cohesively  on  the  axis  of  the  anode. 

The  shadowgraphs  in  Fig.  8  shows  the  current  sheaths  from 
both  sides  entering  into  the  third  collapse  phase  after  climbing 
over  the  second  cylindrical  attachment.  These  shadowgraphs 
show  almost  on-axis  [slightly  to  the  right  of  axis  in  Fig.  8(c)] 


Fig.  10.  Comparison  of  the  X-ray  signals  for  estimation  of  electron 
temperature.  Upper  signal  is  observed  in  pin  diode  window  covered  by  24-// m 
mylar  -j-  10  //m  Cu.  Lower  signal  is  observed  in  pin  diode  window  covered  by 
24-// m  mylar.  Horizontal  one  division  =  1  //s.  Vertical  one  division  =  1  V. 


Fig.  1 1 .  Typical  time  history  of  electron  temperature  in  plasma  focus. 

radial  collapse,  resulting  in  a  strong  third  focus.  This  is  also  in¬ 
dicated  by  the  fact  that  the  third  peak  on  the  voltage  probe  signal 
is  the  sharpest  one.  The  bubble  can  still  be  seen  moving  in  front 
of  current  sheath. 

X-ray  emission  from  sequential  plasma  focus  has  been  re¬ 
ported  by  us  earlier  [2 1  ].  In  the  present  paper,  we  systematically 
analyze  the  quantitative  mea.surements  of  time  history  of  X-ray 
signals  from  many  DPF  shots,  using  that  channel  of  DXS  in 
which  the  PIN  diode  window  is  covered  by  149-//m  aluminized 
mylar.  Three  such  typical  X-ray  signals  taken  at  different  filling 
gas  pressure  of  argon  are  shown  in  Fig.  9.  All  of  these  signals 
show  that  there  are  about  three  to  four  X-ray  spikes.  It  may  be 
noted  that  X-ray  spikes  occur  with  a  certain  time  delay  with  re¬ 
spect  to  voltage  spikes.  It  has  been  estimated,  averaged  over  ten 
DPF  shots,  with  each  one  at  80  Pa,  that  the  first,  second,  and 
third  X-ray  spikes  occur  at  about  3. 16  ±  0. 1 1  /iS,  3.37  di  0.09  //.s, 
and  3.82  ±  0.27  /zs,  respectively,  after  initial  breakdown. 

For  estimating  the  plasma  electron  temperature,  the  X-ray 
signals  are  observed  simultaneously  in  two  channels  I  and  4  of 
the  DXS.  In  channel  1  of  DXS,  the  PIN  diode  window  is  covered 
by  24-/zm  mylar,  whereas  in  channel  4,  the  PIN  diode  window 
is  covered  by  24-//m  mylar  -|-  10-//m  Cu.  The  peak  height  of 
the  spike  in  the  X-ray  emission  from  the  channel  1  is  more  than 
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the  channel  4.  One  such  typical  pair  of  X-ray  signals  is  shown 
in  Fig.  10.  Adopting  the  method  used  earlier  [17],  plasma  elec¬ 
tron  temperature  during  third,  fourth,  and  fifth  voltage  spikes 
has  been  estimated  to  be  3.08  ±  0.64  keV,  2.28  ±  0.56  keV,  and 
1.77  ±  0.36  keV.  These  estimations  are  averaged  over  ten  DPF 
shots  at  an  argon-filling  gas  pressure  of  80  Pa.  Fig.  1 1  shows  the 
typical  time  history  of  electron  temperature  in  plasma  focus.  It  is 
noteworthy  to  mention  here  that  for  obtaining  the  time  history  of 
plasma  electron  temperatures,  we  zoomed  the  pair  of  X-ray  sig¬ 
nals  with  a  time  resolution  of  10  ns  (one  such  typical  pair  being 
shown  in  Fig.  10  with  l-/is  time  resolution),  along  with  voltage 
probe  signal,  and  calculated  the  intensity  ratio  of  X-ray  signals 
after  every  10  ns.  The  plasma  electron  temperature  versus  time 
data  is  simply  compressed  in  time  scale  and  is  shown  in  Fig.  1 1 
with  respect  to  the  initial  breakdown. 

IV.  Conclusion 

A  sequential  DPF  device  has  been  successfully  developed  by 
modifying  the  central  electrode  design  of  a  conventional  DPF 
device.  Shadowgraphic  studies  on  optimized  sequential  DPF 
show  modification  in  plasma  sheath  structure  and  its  dynamics 
in  comparison  to  conventional  DPF.  It  has  been  observed  that 
the  current  sheath  gets  broken  during  first  focus  because  of  ob¬ 
struction  provided  by  the  support  to  the  first  cylindrical  attach¬ 
ment.  One  portion  of  the  current  sheath  goes  into  radial  collapse 
phase,  whereas  the  other  remains  in  axial  phase  resulting  in  first 
focus  formation  of  modest  strength.  The  current  sheath  that  re¬ 
mains  in  axial  phase  moves  ahead  in  comparison  to  the  other 
portion  and,  thus,  forms  a  weak  off-axis  second  focus.  A  strong 
on-axis  third  focus  is  shadowgraphically  seen  to  form  because 
the  current  sheath  collapses  axisymmetrically.  The  multispike 
structure  of  X-ray  signals  establishes  sequential  DPF  as  a  source 
of  sequential  X-ray  pulses  as  well. 
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Abstract — A  fundamental  kinetic  model  is  used  to  compare  the 
luminous  efficiency  of  different  compositions  of  Ne-Xe,  He-Xe, 
and  Ne-Xe-Ar  mixtures  in  plasma  display  panels.  A  self-sus¬ 
taining  condition  is  used  to  estimate  the  breakdown  electric  field 
accounting  also  for  Penning  ionization.  The  excitation  fre¬ 
quency  of  Xe  states  that  emit  U V  photons  is  calculated  for  applied 
electric  field  values  ranging  from  02Ek  to  SEk-  Light  generation 
efficiency,  defined  as  the  ratio  of  the  energy  spent  in  excitation  of 
UV  emitting  states  of  Xe  per  unit  volume  and  per  unit  time  versus 
dissipated  electrical  power,  is  an  increasing  function  of  the  Xe 
concentration  iVxe  in  both  the  Ne-Xe  and  He-Xe  cases,  although 
He-Xe  mixtures  were  found  to  be  somewhat  less  efficient.  The 
fractional  increase  in  efficiency  is  very  small  for  Nxe  >  0.1  AT. 
The  addition  of  small  amounts  of  Ar  in  Ne-Xe  mixtures  leads 
to  insignificant  changes  in  efficiency  or  breakdown  voltage  level. 
Results  of  a  one-dimensional  (1-D)  self-consistent  simulation  of  an 
ac  plasma  display  cell  are  consistent  with  the  conclusions  derived 
based  on  the  homogeneous  unbounded  kinetic  analysis. 

Index  Terms — Gas  discharge,  plasma  display  panel  (PDP),  Xe. 


L  INTRODUCTION 

PLASMA  display  panels  (PDFs)  are  one  of  the  leading 
candidates  in  the  competition  for  large-size,  high-bright- 
ness  flat  panel  displays,  suitable  for  high-definition  television 
(HDTV)  monitors  [1],  [2].  Their  advantages  are  high  reso¬ 
lution,  fast  response,  wide  viewing  angle,  low  weight,  and 
simple  manufacturing  process  for  fabrication.  The  fact  that 
they  are  expected  to  be  the  next  generation  of  TV  displays  is 
evident  in  the  remarkable  recent  progress  of  PDP  technology 
development  and  manufacturing  [3],  [4]. 

One  of  the  most  critical  issues  in  PDP  research  and  tech¬ 
nology  development  is  the  improvement  of  luminance  and  lu¬ 
minous  efficiency  [1],  which  is  dependent  on  the  gas  mixture 
composition,  phosphor  efficiency,  driving  voltage  characteris¬ 
tics,  and  cell  geometry.  PDP  cells  can  operate  only  if  the  ap¬ 
plied  voltage  is  held  within  certain  limits.  The  minimum  and 
maximum  values  of  the  applied  voltage  define  the  margin  of 
the  panel  15].  These  limits  are  determined  by  the  breakdown 
voltage.  In  some  PDP  designs,  reducing  the  breakdown  voltage 
may  be  of  higher  priority  than  is  increasing  the  efficiency,  be¬ 
cause  of  the  high  cost  of  high-voltage  driving  circuits  [1].  In  this 
article,  we  focus  our  attention  on  the  effects  of  gas  mixture  com¬ 
position  on  light  generation  efficiency  and  on  the  breakdown 
voltage. 
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Typical  plasma  displays  consist  of  two  glass  plates,  each  with 
parallel  electrodes  deposited  on  their  surfaces.  The  electrodes 
are  covered  with  a  dielectric  film.  The  plates  are  sealed  together 
with  their  electrodes  at  right  angles,  and  the  gap  between  the 
plates  is  filled  with  an  inert  gas  mixture.  A  protective  MgO  layer 
is  deposited  above  the  dielectric  film.  The  role  of  this  layer  is  to 
decrease  the  breakdown  voltage  caused  by  the  high  secondary 
electron  emission  coefficient  of  MgO.  The  discharge  is  initiated 
by  applying  a  voltage  pulse  to  the  electrodes.  Xenon  gas  mix¬ 
tures  are  used  to  efficiently  generate  UV  photons.  The  UV  pho¬ 
tons  emitted  by  the  discharge  hit  the  phosphors  deposited  on 
the  walls  of  the  PDP  cell  and  are  converted  into  visible  photons. 
Each  cell  contains  phosphor  that  emits  one  primary  color — red, 
green,  or  blue. 

In  this  paper,  we  study  different  Xenon  gas  mixtures  and 
theoretically  investigate  their  efficiency  in  generating  UV  pho¬ 
tons.  In  particular,  we  examine  three  different  cases,  i.e.,  Ne-Xe, 
He-Xe,  and  Ne-Xe-Ar.  In  each  case,  we  investigate  the  effect 
of  the  variation  of  the  percentage  of  the  constituent  gases  on  the 
efficiency  of  the  mixture  and  on  the  breakdown  voltage.  In  Sec¬ 
tion  II,  we  describe  our  approach,  based  on  the  fundamental  pro¬ 
cesses  that  determine  the  gas  mixture  efficiency.  In  Section  III, 
we  present  the  results  of  our  model.  In  Section  IV,  a  one-di¬ 
mensional  (1-D)  self-consistent  simulation  is  used  to  assess  the 
validity  of  the  conclusions  derived  from  the  homogeneous  and 
unbounded  kinetic  model.  Our  conclusions  are  summarized  in 
Section  V. 

II.  Formulation 

In  this  work,  we  investigate  the  effect  of  the  gas  mixture  on 
PDP  performance  from  the  point  of  view  of  the  fundamental 
inherent  properties  of  the  constituent  gases.  For  this  purpose, 
we  rely  on  exact  numerical  solutions  of  the  kinetic  Boltzmann 
equation  in  a  homogeneous,  unbounded  system  while  accurately 
accounting  for  all  the  known  processes  of  excitation  as  well  as 
ionization  and  other  losses.  Our  chosen  measure  of  comparison 
of  different  mixtures  is  the  efficiency  rj,  defined  as  the  ratio  of 
the  energy  spent  in  excitation  of  UV  emitting  states  of  Xe  per 
unit  volume  and  per  unit  time,  over  the  dissipated  power  per  unit 
volume. 

The  luminous  efficiency  of  a  PDP  cell  is  a  measure  of  the 
number  of  photons  emitted  per  unit  power  dissipated  in  the  dis¬ 
charge.  In  color  PDFs,  the  purpose  of  the  discharge  is  to  produce 
UV  photons  that  are  then  converted  to  visible  light  by  means 
of  phosphors.  UV  photons  that  excite  the  phosphors  and  pro¬ 
duce  visible  light  [6]  are  emitted  by  certain  excited  states  of 
Xe  [Xe*(^Pi  )  (resonant  state)  at  147  nm,  Xe2(0+)  at  150  nm, 
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Fig.  1.  Block  diagram  of  reaction  channels  related  to  UV  emitting  excited 
states  of  Xe. 

and  Xe2(^S.+  )  and  Xe2(^S+)  at  173  nm  (excimer  states)].  Al¬ 
though  the  duration  of  the  discharge  current  pulse  is  on  the  order 
of  10  ns,  emission  of  UV  photons  lasts  for  about  5  //s  because 
of  the  lifetimes  of  some  of  the  excited  species  [6].  Some  ex¬ 
cited  states  of  Ne  also  radiate  photons  [7]  [Ne*(^Pi)  at  736  A, 
Ne*(^Pi)  at  743  A],  but  these  are  not  in  the  UV  range  and 
the  visible  orange  glow  actually  deteriorates  color  purity  [8]. 
Shown  in  Fig.  1  is  a  block  diagram  of  reaction  channels  related 
to  the  excited  states  of  Xe  that  produce  UV  photons  [6].  Atoms 
in  the  Xe*(^Pi),  Xe*(^P2)  (metastable),  and  Xe**  (sum  of  the 
6s',  6p,  5r/,  7s  states)  excited  states  are  mainly  produced  by 
electron  impact  excitation  reactions.  Because  stepwise  ioniza¬ 
tion  is  negligible  and  no  other  important  loss  mechanisms  exist, 
all  of  the  energy  going  into  these  excited  states  leads  to  the  pro¬ 
duction  of  UV  photons  [6].  As  a  result,  for  a  given  gas  mix¬ 
ture,  the  number  of  UV  photons  emitted  by  excited  Xe  atoms 
per  electron  in  the  discharge  is  determined  by  the  excitation 
frequency  of  the  Xe*(^Pi),  Xc*(^P2),  and  Xe**  excited 
states  as  a  function  of  the  reduced  electric  field  E/N ,  where  E 
is  the  electric  field  and  N  is  the  gas  density.  The  energy  spent 
on  excitation  of  UV  emitting  states  of  Xe  per  unit  volume  and 
per  unit  time  is 

P\]\  —  ^^cxcNc^\}\ 

where  is  the  electron  number  density  and  euy  is  the  energy 
of  an  emitted  UV  photon,  equal  to  the  energy  spent  on  the  exci¬ 
tation  of  a  Xe  atom.  (We  consider  150-nm  photons  and  do  not 
take  into  account  the  frequency  distribution  of  UV  radiation,  so 
that  sjjy  8.3  eV).  Although  some  UV  emitting  excited  states 
of  Xe  have  relatively  long  lifetimes,  all  of  the  energy  spent  on 
excitation  of  UV  emitting  states  of  Xe  is  eventually  converted 
to  UV  photons.  For  our  purposes,  we  can  thus  consider  the  effi¬ 
ciency  rj  to  be  equal  to  the  luminous  efficiency. 

The  power  dissipated  in  the  discharge  is  determined  by  the 
voltage  applied  to  the  electrodes  of  the  PDF  cell  and  the  dis¬ 
charge  current.  The  driving  voltage  is  related  to  the  breakdown 
voltage,  which  depends  on  the  gas  mixture  used.  The  dissipated 
power  per  unit  volume  caused  by  electron  current  is 

Pdi,ss  =  EJc  =  Nf.q^iirE^ 

where 

Je  electron  current  density; 

Qe  electronic  charge; 

fie  electron  mobility. 


Thus,  the  luminous  efficiency  is  given  as 


=  8,3 


(I) 


Both  of  the  quantities  and  in  (1)  exhibit  highly  non¬ 
linear  dependence  on  the  electric  field  E,  so  that  the  luminous 
efficiency  can  only  be  evaluated  numerically.  In  this  paper,  we 
determine  rj  by  numerically  solving  the  full  electron  Boltzmann 
equation  to  compare  the  efficiency  of  different  gas  mixtures  by 
calculating  the  breakdown  voltage  and  excitation  of  Xe  states 
that  lead  to  the  production  of  UV  photons.  It  should  be  noted 
that  7/,  as  defined  in  (1),  represents  the  efficiency  of  the  elec¬ 
trons  in  exciting  UV  emitting  states  of  Xe.  In  an  actual  POP  cell, 
a  fraction  of  the  input  energy  is  dissipated  by  the  ions.  However, 
(1-D)  self-consistent  calculations  (Section  IV)  indicate  that  the 
dependence  of  the  actual  discharge  efficiency  on  gas  mixture 
composition  is  nevertheless  well  repre.sented  by  rj. 


A.  Ne-Xe  Mixtures 

For  our  homogeneous  and  unbounded  system,  we  use  a  break¬ 
down  voltage  equivalent  to  that  which  would  result  in  a  self-sus¬ 
taining  condition  in  a  1-D  parallel  plate  geometry,  with  plate 
separation  d  =  100  //.m,  corresponding  to  the  gap  length  of 
a  typical  PDP  cell.  This  assumption  is  appropriate  because  the 
actual  voltage  that  must  be  applied  to  the  electrodes  of  the  PDP 
cell  to  cause  breakdown  in  the  gas  is  directly  proportional  to 
the  voltage  obtained  from  the  self-sustaining  condition.  In  the 
Ne-Xe  mixture  case,  this  condition  can  be  written  as  [9],  [10] 

«iNo7.\o  +  («Xo  +  »p)7Xc  r(ox.,+ax.. +«/>)'/  -  l]  =:  1  (2) 

where  and  axo  =  are  the  partial  first 

Townsend  ionization  coefficients  for  Ne  and  Xe,  respectively, 
/zxe  and  uxv  are  the  corresponding  partial  ionization  frequen¬ 
cies  caused  by  direct  ionization  of  neutral  atoms  by  electrons, 
Vd  is  the  electron  drift  velocity,  and  7^^.  and  7x0  are,  respec¬ 
tively,  the  secondary  electron  emission  coefficients  for  Ne  and 
Xe  ions  impingent  on  MgO.  The  quantity  ap  is  the  effective 
partial  first  Townsend  ionization  coefficient  per  electron  caused 
by  ionization  by  metastable  neon  atoms  (Penning  ionization). 
Neon  metastable  atoms  have  a  much  longer  lifetime  than  do  the 
other  excited  states  of  Ne  and  have  an  energy  of  ~  1G.6 
eV.  Thus,  they  are  capable  of  ionizing  the  atoms  of  other  gases 
having  an  ionization  energy  less  than  16.6  eV  [1 1].  The  process 
is  highly  efficient,  if  the  energy  difference  between  the  levels 
concerned  is  small  [12]. 

The  pressure  p  and  the  gas  temperature  T  are  assumed,  re¬ 
spectively,  to  be  500  Torr  and  300  K,  consistent  with  the  usual 
operation  conditions  of  PDPs  [6].  The  ionization  frequencies 
uxc  and  uxv,  as  well  as  the  electron  drift  velocity  Vd,  are  calcu¬ 
lated  as  a  function  of  the  reduced  electric  field  E/N  by  numer¬ 
ically  solving  the  full  electron  Boltzmann  equation,  using  the 
Boltzmann  code  ELENDIF  [13].  Electron-atom  collision  cross 
sections  for  Ne  and  Xe  are  taken  from  the  SIGLO  series  [14], 
whereas  7xp  =  0.5  and  7X(>  ==  0.05  are  taken  from  Meunier 
et  ai.  [6].  It  should  be  noted  that  in  many  cases,  there  is  a  lack 
of  data  concerning  secondary  electron  emission  coefficients  and 
guessed  values  are  often  used  in  PDP  models  [6].  The  results  of 
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the  models  are  sensitive  to  the  uncertainties  in  these  coefficients 

[10]. 

In  the  Ne-Xe  case,  the  energy  of  the  metastable  atom 
is  Ern  —  16.6  eV,  whereas  the  ionization  energy  of  Xe  is 
[e^jxe  —  12.1  eV,  so  that  the  energy  difference  is  approximately 
4.5  eV.  Penning  ionization  is  represented  by  the  reaction  [15] 

Ne^  +  Xe  — ^  Ne  +  Xe+  +  e 

where  Ne  and  Ne^  represent  a  ground-state  and  metastable  Ne 
atom,  respectively,  Xe  and  Xe“^  represent  a  ground-state  Xe 
atom  and  its  positive  ion,  respectively,  and  e  is  an  electron. 

The  steady-state  Townsend  condition  [16],  [17]  does  not  hold 
in  typical  PDP  operation  conditions,  because  the  discharge  is 
quickly  quenched  as  a  result  of  the  accumulation  of  charge  on 
the  dielectric  walls  covering  the  electrodes,  inducing  a  potential 
opposing  the  applied  voltage.  The  duration  of  the  discharge  cur¬ 
rent  pulse  is  on  the  order  of  to  10  ns  [6].  During  this  short 
time,  the  concentration  of  Ne  metastable  atoms  increases 
because  of  electron  impact  excitation  and  is  determined  by 


where  is  the  Penning  ionization  frequency  per  Ne 

metastable  atom  and  is  the  excitation  frequency  of  the  Ne 
metastable  state.  The  average  metastable  atom  concentration  is 
therefore  given  as 


(iVNe”"  )  =  —  [  (t)  dt 

^0  Jo 


Ne 


where  Ne  is  assumed  to  be  constant  during  the  discharge  cur¬ 
rent  pulse.  Although  this  approximation  is  rough,  it  allows  us  to 
make  a  first-order  estimate  of  »  and  it  provides  a  good  es¬ 
timate  of  the  effect  of  Penning  ionization.  Our  kinetic  model  re¬ 
sults,  as  well  as  the  1-D  simulations  (Section  IV),  show  that  the 
Penning  effect  is  not  very  significant  in  all  three  cases  consid¬ 
ered  and,  thus,  results  in  relatively  small  changes  in  the  break¬ 
down  field.  Thus,  possible  inaccuracies  in  the  calculation  of 
Penning  ionization  do  not  have  a  significant  effect  on  our  re¬ 
sults.  The  effective  Penning  ionization  frequency  per  electron  is 
then  given  as 


from  Levin  et  al  [15].  Stepwise  ionization  and  recombination 
processes,  as  well  as  Penning  ionization  by  collisions  between 
two  Xe  excited  atoms,  are  not  taken  into  account  in  our  mod¬ 
eling,  because  their  effect  on  typical  operational  conditions  for 
PDPs  is  negligible  [6]. 

In  the  Ne-Xe  case,  the  total  excitation  frequency  is  equal 
to  the  excitation  frequency  caused  by  electron  collisions  with 
Xe  atoms  Vexc^  because  no  other  important  excitation  mecha¬ 
nisms  exist  [15].  The  excitation  frequency  is,  thus,  calculated  as 
a  function  of  E/N  using  the  Boltzmann  code  [13]. 

B.  He-Xe  Mixtures 

In  the  He-Xe  case,  the  self-sustaining  condition  for  the  cal¬ 
culation  of  the  breakdown  field  is  similar  to  the  corresponding 
in  the  Ne-Xe  case 

aHe7He  +  (ctXe  +  Qp)7Xe  F  (a„.+axe+ap)d  _  l]  =  1  (4) 

O^He  +  OLx.e  +  ap  I  J 

where 

c^He  =  partial  first  Townsend  ionization  coefficient 

for  He; 

i^He  corresponding  partial  ionization  frequency 

caused  by  direct  ionization  of  neutral  atoms 
by  electrons; 

7He  secondary  electron  emission  coefficient  for 

He  ions  on  MgO; 

z^He  calculated  as  a  function  of  E/N  using  the 

Boltzmann  code  [13]. 

Cross  sections  for  He  are  taken  from  the  SIGLO  Series  [14], 
whereas  7He  =  0.3  is  taken  from  Veerasingam  et  at.  [18]. 

In  the  case  of  a  He-Xe  mixture.  Penning  ionization  is  repre¬ 
sented  by  the  reaction 

He^  -f  Xe  — ^  He  +  Xe+  e 

where  He  and  He"^  represent  a  ground-state  and  metastable  He 
atom,  respectively.  In  this  case,  the  energy  of  the  He  metastable 
level  is  —  20  eV;  so  the  energy  difference  with  the  Xe  ion¬ 
ization  level  is  approximately  7.9  eV.  The  effective  Penning  ion¬ 
ization  frequency  per  electron  is  calculated  in  the  same  way  as 
in  the  Ne-Xe  case,  and  we  obtain 

1  H - p — 7 -  (5) 

J 


where  we  note  that  is  proportional  to  the  concentration  of 
Xe  atoms.  The  corresponding  effective  partial  first  Townsend 
ionization  coefficient  is  ap  =  The  frequency 

as  a  function  of  the  reduced  electric  field  E/N  is  cal¬ 
culated  using  the  Boltzmann  code  [13],  whereas  z/^^m  is  taken 


where 

excitation  frequency  of  the  He  metastable  state; 
Penning  ionization  frequency  per  He  metastable  atom 
taken  from  Rauf  and  Kushner  [19]; 
z^He"^  calculated  as  a  function  of  E/N  using  the  Boltzmann 
code  [13]. 

In  addition,  the  total  excitation  frequency  of  the  excited  states 
of  Xe  that  emit  UV  photons  is  equal  to  the  excitation  frequency 
caused  by  electron  collisions  with  Xe  atoms,  because,  as  in  the 
Ne-Xe  case,  no  other  important  excitation  mechanisms  exist 
[19]. 
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C.  Ne-Xe~Ar  Mixtures 

In  the  case  of  the  Ne-Xe-Ar  mixture  the  breakdown  field  is 
calculated  using  the  condition 


ONcINc  +  {nxo  +  (VPl)7Xo  +  {^Ar  +  OP2)7Ar 


(6) 


where 

o^Ar  =  f^Av/'^hi  partial  first  Townsend  ionization  coefficient 


'^Ar 

for  Ar; 

corresponding  partial  ionization  frequency 

7Ar 

caused  by  direct  ionization  of  argon  atoms 
by  electrons; 

secondary  electron  emission  coefficient  for 

'^Ar 

Ar  ions  on  MgO; 

calculated  as  a  function  of  E/N  using  the 

Boltzmann  code  [13]. 

Cross  sections  for  Ar  are  taken  from  the  SIGLO  series  [14], 

whereas  7Ar 

=  0.05  is  taken  from  Sahni  et  ai  [7]. 

In  this  case,  there  are  two  Penning  ionization  reactions 

Ne^^^-  +  Xe  — >  Ne  +  Xe+  +  e  (7a) 

Ne"'  H-  Ar  — ^  Ne  +  Ar+  +  c  (7b) 


to  the  direct  excitation  frequency  caused  by  electron  colli¬ 
sions  with  Xe  atoms  plus  the  excitation  frequency  caused 

by  electron  collisions  with  Ar  atoms.  Both  and  arc  cal¬ 

culated  as  a  function  of  E/N  using  the  Boltzmann  code  1 13|. 

III.  Results 

Our  stated  goal  in  this  paper  is  to  compare  the  different  gas 
mixtures  by  their  breakdown  voltage  and  efficiency  defined  as 
the  ratio  of  the  energy  spent  in  excitation  of  UV  emitting  states 
of  Xe  per  unit  volume  and  per  unit  time,  over  the  dissipated 
power  per  unit  volume.  However,  the  electric  field  E  in  the 
POP  cell  during  the  discharge  is  spatially  nonuniform  because 
of  space  charges,  with  its  spatial  distribution  being  time  depen¬ 
dent.  In  addition,  Xe  excitation,  which  has  a  highly  nonlinear 
dependence  on  the  electric  field,  occurs  both  in  the  high-  and 
low-field  regions.  Accordingly,  we  evaluate  the  efficiency  ?/  for 
E  =  0.2Ea  .  Ek.  5E/. ,  where  E/.  is  the  breakdown  field  for  our 
conditions  (p  —  500  Torr,  T  ~  300  K)  calculated  using  (2),  (4), 
and  (6)  in  the  case  of  Ne  -Xe,  He~Xe,  and  Ne-Xe-Ar  mixtures, 
respectively.  This  range  of  electric  field  values,  defined  with  re¬ 
spect  to  E^.,  encompasses  electric  fields  typically  encountered  in 
PDP  cells,  according  to  previous  I-D  or  two-dimensional  (2-D) 
models  [61. 

In  the  following  subsections,  we  separately  examine  each  of 
the  three  gas  mixtures. 


where  Ar  and  Ar"^  represent  a  ground- state  Ar  atom  and  its  pos¬ 
itive  ion,  respectively.  In  the  second  reaction,  the  argon  ioniza¬ 
tion  energy  is  [si]Ar  —  eV;  so  the  energy  difference  with 
the  Ne  metastable  state  is  ~0.8  eV.  Because  the  energy  differ¬ 
ence  is  small,  this  process  is  highly  efficient  [12].  The  effective 
Penning  ionization  frequencies  per  electron  are  calculated  in  the 
same  way  as  in  the  Ne-Xe  and  He-Xe  case,  and  we  obtain 


Upi  = 

7Zp2  = 


'42 
+  '42 


1  + 


1  + 


('4l  +  '42)^0 

('4i  +  '42)^0  J 


'4\p- 


(8a) 

(8b) 


where  un  and  1^12  are  the  Penning  ionization  frequencies  per  Ne 
metastable  atom,  corresponding  to  reactions  (7a)  and  (7b).  Note 
that  Uii  is  the  same  quantity  that  was  denoted  as  in  Sec¬ 
tion  II-A,  and  it  is  taken  from  Levin  et  ai  [15],  whereas  //,2  htts 
been  taken  from  Sahni  et  ai  [7].  The  excited  states  of  Xe  that 
emit  UV  photons  are  mainly  produced  by  electron  impact  reac¬ 
tions,  as  in  the  case  of  Ne-Xe  and  He-Xe  mixtures.  However, 
in  this  case,  a  particular  excitation  mechanism  caused  by  colli¬ 
sions  of  Ar  excited  atoms  with  Xe  atoms  does  exist 


Ar*  +  Xe  — ^  Ar  -h  Xe* 

where  Ar  and  Ar*  represent  a  ground-state  and  excited  Ar  atom, 
respectively,  and  Xe  and  Xe*  represents  a  ground-state  and  ex¬ 
cited  Xe  atom,  respectively  [20].  In  the  Ne-Xe-Ar  mixtures 
under  consideration,  this  reaction  is  the  dominant  loss  mech¬ 
anism  of  Ar  excited  atoms.  Thus,  the  total  excitation  frequency 
of  the  excited  states  of  Xe  that  emit  UV  photons  is  equal 


A.  Ne-Xe  Mixtures 

Fig.  2(a)  shows  the  variation  of  the  breakdown  gap  voltage 
Vy  =  E^.d  as  a  function  of  the  Xe  concentration  Nxv  in  the  mix¬ 
ture,  calculated  using  (2).  We  observe  that  for  Nxv  ^  0.02  V, 
Ek  is  an  increasing  function  of  A^x«-  The  Penning  effect  is  found 
to  not  be  significant  for  this  mixture,  because  found 

to  be  less  than  ^12%  of  the  total  ionization  frequency  for 
the  full  range  of  parameter  values.  Fig.  2(b)  shows  the  excitation 
frequency  /a  ,.,,  as  a  function  of  Nxv  for  E  =  0.2Ea:,  E^,  5Ea-, 
keeping  in  mind  that  E/,.  is  also  a  function  of  the  concentra¬ 
tions  of  the  constituent  gases.  We  observe  that  for  small  values 
of  Nxv,  'A  .rr  increases  dramatically  with  small  percentage  in¬ 
creases  in  Xe  concentration,  whereas  /z, increases  at  a  much 
smaller  rate  for  high  Xe  concentrations.  We  also  observe  that 
7z,,,.^(0.2Ea.)  <  /z,,.,.,.(Ea-)  <  independent  of  Vxr, 

because  at  higher  E,  electron  impact  excitation  reactions  are 
more  efficient.  Fig.  2(c)  shows  the  efficiency  7/  as  a  function  of 
Nxv^  calculated  in  the  way  described  above.  We  observe  that  the 
discharge  is  more  efficient  at  low  electric  field  values,  although 
the  number  of  UV  photons  emitted  is  higher  at  high  electric  field 
values  [Fig.  2(b)].  Efficiency  is  also  an  increasing  function  of 
Nxo. 

The  numerical  results  given  in  Fig.  2  can  be  interpreted  by  the 
inherent  kinetic  behavior  of  Ne  and  Xe  under  applied  electric 
fields.  Fig.  2(d)  shows  the  dynamic  friction  force  of  electrons, 
also  known  as  the  electron  energy  loss  function,  as  a  function 
of  electron  energy  in  a  pure  Ne  gas,  a  pure  Xe  gas,  and  a  10% 
Xe-90%  Ne  gas  mixture.  In  any  given  mixture,  the  loss  function 
is  defined  as 
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Fig.  2.  (a)  Breakdown  gap  voltage  as  a  function  of  Xe  concentration  A^xe  in  Ne-Xe  mixtures,  calculated  using  (2).  The  dashed  line  shows  the  mid-margin  gap 
voltage,  calculated  using  the  1-D  model,  (b)  Excitation  frequency  Vexc  as  a  function  of  A^xe-  (c)  Efficiency  (%)  t?  as  a  function  of  A^xe.  The  dashed  line  shows 
the  efficiency  of  the  discharge,  calculated  using  the  1-D  model,  (d)  The  loss  function  as  a  function  of  electron  energy  in  a  pure  Ne  gas,  a  pure  Xe  gas,  and  a  10% 
Xe-90%  Ne  gas  mixture. 


where  the  summation  is  over  of  all  the  collision  cross  sections 
of  inelastic  processes  di  with  corresponding  energy  loss  8ei, 
and  Ni  is  the  number  density  of  the  corresponding  target  atoms. 
The  dynamic  friction  force  has  units  electronvolts/meters  (en¬ 
ergy  loss  per  unit  length),  and  it  can  be  thought  of  as  an  effective 
force  acting  on  electrons  against  the  accelerating  action  of  the 
electric  field. 

The  breakdown  field  is  much  higher  for  Xe  compared  with 
Ne,  as  is  evident  from  Fig.  2(a).  That  this  is  the  case  can  be  un¬ 
derstood  in  terms  of  the  corresponding  loss  functions.  The  ion¬ 
ization  energy  of  Xe  is  [ei]xe  —  12.1  eY,  wheras  [e^jNe  —  21.6 
eV.  However,  the  dynamic  friction  for  Xe  is  much  higher  than 
that  for  Ne,  because  the  excitation  and  ionization  cross  sections 
of  Xe  are  almost  one  order  of  magnitude  higher  [14]  than  are 
those  of  Ne.  Thus,  if  the  same  electric  field  is  applied  at  a  pure 
Xe  versus  a  pure  Ne  gas,  the  number  of  electrons  above  the 
corresponding  ionization  threshold  is  much  higher  in  Ne,  ac¬ 
counting  for  the  fact  that  Ek  is  an  increasing  function  of  Nxe 
[Fig.  2(a)]  in  Ne-Xe  mixtures.  This  is  also  because  the  sec¬ 
ondary  electron  emission  coefficient  7Ne  for  neon  ions  on  MgO 
is  an  order  of  magnitude  higher  than  is  the  corresponding  coef¬ 
ficient  7xe  for  xenon  ions.  The  loss  function  (or  dynamic  fric¬ 
tion)  also  determines  the  electron  energy  distribution  function 
that  is  attained  in  a  gas  for  a  given  applied  electric  field.  For 
small  values  of  Nxe,  the  loss  function  (and,  thus,  the  electron 
energy  distribution)  does  not  vary  significantly  with  increasing 


Nxe^  SO  that  the  dynamic  friction  at  the  excitation  energy  of 
Xe  is  relatively  low,  and  many  electrons  have  energies  above 
this  threshold,  leading  to  the  dramatic  increase  of  Xe  excitation 
frequency  z/gxc*  The  corresponding  partial  ionization  frequency 
of  Xe  (i.e.,  uxe)  increases  dramatically  for  the  same  reason, 
whereas  the  corresponding  partial  ionization  frequency  of 
Ne  slightly  decreases,  because  the  electron  distribution  function 
is  only  slightly  perturbed  by  the  addition  of  a  small  amount  of 
Xe  in  Ne.  Thus,  Ek  is  a  decreasing  function  of  Nxe  for  small 
Nxe  (Nxe  <  0.02  7V). 

The  results  presented  in  Fig.  2(a)  and  (c)  should  allow  quanti¬ 
tative  evaluation  of  the  effects  of  Xe  percentage  in  Ne-Xe  mix¬ 
tures  in  practice.  In  this  context,  it  is  desirable  to  have  high  lu¬ 
minous  efficiency  and  low  breakdown  field  (i.e.,  lower  voltage 
operation).  From  Fig.  2(c),  we  note  that  although  rj  increases 
rapidly  with  Xe  percentage  for  low  values  of  TVxe,  the  rate  of 
increase  in  r/  decreases  with  increasing  iVxe-  Specifically,  we 
note  that  although  rj  ~  70%  for  Nxe  —  0.1  TV,  it  is  only  ~10% 
higher  for  Nxe  ~  0.2  TV,  whereas  the  breakdown  voltage  is 
~25%  higher.  In  Section  IV,  we  show  that  the  dependence  of 
the  actual  discharge  efficiency  on  Nxe  is  very  similar. 

B.  He~Xe  Mixtures 

Fig.  3(a)  shows  the  breakdown  gap  voltage  Vg  =  Ekd  as 
a  function  of  Xe  concentration  Nxe  in  a  He-Xe  mixture,  cal¬ 
culated  using  (4).  The  functional  dependence  of  Ek  on  Nxe  is 
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Fig.  3.  (a)  Breakdown  gap  voltage  as  a  function  of  -Vx,.  in  Hc-Xe  mixiurcs.  calculated  using  (4).  The  dashed  line  shows  (he  mid-margin  gap  voltage,  calculated 

using  the  1-D  model,  (b)  Excitation  frequency  .rr  as  a  function  of  .Vx,,.  (c)  Efficiency  (fi)  //  as  a  functiem  of  A'x.  ■  ^he  dashed  line  shows  (he  cfllciency  of  the 
discharge,  calculated  using  the  1-D  model,  (d)  The  loss  function  as  a  function  of  electron  energy  in  a  pure  He  gas.  a  pure  Ne  gas  (dashed  line),  a  pure  Xe  gas.  and 
a  10%  Xe~90%  He  gas  mixture. 


similar  to  the  Ne-Xe  case.  However,  Ef.  is  slightly  higher  in  a 
He-Xe  mixture  compared  with  a  Ne-Xe  mixture  with  the  same 
Xe  concentration.  The  contribution  of  the  Penning  effect  is  also 
not  significant  for  this  case,  because  is  found  to  be 

less  than  ~7%  of  7/-"/,  for  the  full  range  of  parameter  values 
considered.  Fig.  3(b)  shows  the  excitation  frequency  of  Xe 
as  a  function  of  Nxe  for  E  =  0.2£'a  ,  E^.,  5^^ .  The  results  are 
similar  to  the  Ne-Xe  case,  although  values  are  smaller.  Be¬ 
cause  of  the  higher  breakdown  field  and  the  smaller  Xe  excita¬ 
tion  frequency,  the  efficiency  is  smaller,  as  shown  in  Fig.  3(c). 
However,  it  should  be  noted  that  He-Xe  mixtures  achieve  better 
color  purity,  because  the  discharge  does  not  produce  visible  light 
as  in  the  Ne-Xe  case  [8]. 

In  Fig.  3(d),  we  plot  the  loss  function  as  a  function  of  elec¬ 
tron  energy  in  a  pure  He  gas,  a  pure  Xe  gas,  and  a  1 0%  Xe-909r 
He  gas  mixture.  For  comparison,  we  also  plot  the  loss  function 
for  pure  Ne.  We  observe  that  the  loss  function  for  pure  Ne  has 
slightly  higher  values  than  that  for  pure  He.  Based  on  the  dis¬ 
cussion  in  Section  III-A,  we  would  expect  slightly  lower  ioniza¬ 
tion  and  excitation  frequencies  in  Ne-Xe  mixtures  in  compar¬ 
ison  with  He-Xe  mixtures.  However,  the  ionization  and  excita¬ 
tion  frequencies  in  He-Xe  mixtures  are  actually  lower  compared 
with  Ne-Xe  mixtures  with  the  same  Xe  concentration,  resulting 
in  higher  breakdown  field  and  lower  efficiency.  It  was  found  that 
this  unexpected  result  is  mainly  caused  by  the  higher  electron 
momentum  transfer  cross  section  of  He  compared  with  that  of 


Ne  1 14].  Because  the  loss  functions  arc  almost  equal,  this  effect 
dominates,  resulting  in  lower  ionization  and  excitation  frequen¬ 
cies  in  He-Xc  mixtures  in  comparison  with  Ne-Xe  mixtures 
with  the  same  Xe  concentration  [21].  The  higher  breakdown 
field  in  He-Xe  mixtures  is  also  because  of  the  lower  secondary 
electron  emission  coefficient  711,.  of  helium  ions  on  MgO,  com¬ 
pared  with  the  coefficient  77,.  of  neon  ions. 

From  a  practical  point  of  view,  we  note  from  Fig.  3(a)  and  (c) 
that  the  tradeoff  between  luminous  efficiency  and  breakdown 
voltage  level  is  similar  for  He-Xe  mixtures  as  for  Nc-Xc  mix¬ 
tures. 

C.  Ne-Xc-Ar  Mixtures 

In  Section  Ill-A,  we  saw  that  for  Ne-Xe  mixtures,  the  effi¬ 
ciency  7/  is  an  increasing  function  of  However,  the  break¬ 
down  field  E},  is  also  an  increasing  function  of  A^X(  •  hi  addition, 
in  Section  III-B,  we  saw  that  Ne-Xe  mixtures  nrc  more  efficient 
than  are  Hc-Xe  mixtures.  In  this  section,  we  investigate  the  ef¬ 
fect  of  adding  a  small  amount  of  Ar  in  Ne-Xe  mixtures,  as  is 
done  in  some  POP  designs. 

Fig.  4(a)  shows  =  Ei  d  as  a  function  of  Ar  concentra¬ 
tion  N,\y  in  a  mixture  with  Nx^./Nsv  =  5/95.  We  observe 
that  Ea-  decreases  when  small  amounts  of  Ar  are  added,  caused 
primarily  by  the  Penning  ionization  reaction  of  Ar  atoms  with 
Ne  metastable  atoms,  as  described  in  (7b).  By  examination  of 
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Fig.  4.  (a)  Breakdown  gap  voltage  as  a  function  of  Ar  concentration  A^ai-  in  a  mixture  with  Nxol^Ne  =  5/95,  calculated  using  (6).  The  dashed  line  shows  the 

mid-margin  gap  voltage,  calculated  using  the  1-D  model,  (b)  Efficiency  (%)  ?/  as  a  function  of  N^v  in  n  mixture  with  A'xe/-^^^Ne  =  5/95.  The  dashed  line  shows 
the  efficiency  of  the  discharge,  calculated  using  the  1  -D  model,  (c)  Breakdown  gap  voltage  as  a  function  of  Nav  in  a  mixture  with  Nxe/^Ne  =  10/90,  calculated 
using  (6).  (d)  The  loss  function  as  a  function  of  electron  energy  in  a  pure  Ne  gas,  a  pure  Xe  gas,  and  a  pure  Ar  gas. 


the  loss  functions  of  Ne,  Ar,  and  Xe,  plotted  in  Fig.  4(d),  we 
observe  that  the  friction  losses  are  higher  in  Ar  than  in  Ne. 
Thus,  when  Ar  is  added  to  the  mixture,  the  dynamic  friction 
force  on  electrons  increases,  and  we  would  ordinarily  expect 
to  see  a  corresponding  increase  in  Ek^  However,  Ek  actually 
decreases  because  of  Penning  ionization  of  Ar  atoms  by  Ne 
metastables,  which  is  very  efficient,  as  mentioned  above.  We 
note  from  Fig.  4(a)  that  Ek  is  minimized  at  N^y  ~  0.01  N.  For 
Nat  >  0.01  N  the  increased  losses  dominate  over  the  Penning 
ionization  effect  and  Ek  increases.  Fig.  4(b)  shows  the  lumi¬ 
nous  efficiency  of  the  gas  mixture  as  a  function  of  Nat  •  The  ef¬ 
ficiency  slightly  increases  when  small  amounts  of  Ar  are  added. 
Thus,  adding  a  small  amount  of  Ar  to  a  Ne-Xe  mixture  both 
decreases  Ek  and  increases  rj.  However,  both  of  these  improve¬ 
ments  are  relatively  small,  being  less  than  ~1%. 

Fig.  4(c)  shows  Vg  =  EkddiSB.  function  of  Nat  in  a  mixture 
with  Nxe/N^e  =  10/90.  The  Penning  effect  is  less  important 
in  comparison  with  the  previous  case  because  of  the  higher  Xe 
concentration.  As  a  result,  the  effect  of  the  increased  losses  dom¬ 
inates  and  Ek  increases  when  small  quantities  of  Ar  are  added 
to  the  mixture. 

Based  on  the  results  shown  in  Fig.  4,  there  does  not  seem  to 
be  any  significant  advantage  in  using  small  amounts  of  Ar  in 
Ne-Xe  mixtures,  at  least  from  the  point  of  view  of  fundamental 
properties  of  the  gases. 


IV.  Comparison  with  1-D  Simulation  Results 

In  order  to  assess  the  validity  of  conclusions  derived  from  our 
fundamental  kinetic  analysis  of  unbounded  and  homogeneous 
gas  mixtures,  we  have  developed  a  1-D  self-consistent  simula¬ 
tion  of  an  ac  PDP  cell,  similar  to  those  previously  developed  by 
Meunier  et  al  [6]  and  Punset  et  al  [22].  The  space  and  time 
variation  of  the  electric  field  within  the  gas  is  self-consistently 
determined  by  solving  the  fluid  equations  for  ions  and  electrons 
together  with  Poisson's  equation,  subject  to  the  boundary  con¬ 
ditions  imposed  by  the  electrode  boundaries.  Ionization  caused 
by  Penning  reactions  is  also  included.  The  data  used  in  the 
1-D  model,  such  as  electron-atom  collision  cross  sections,  sec¬ 
ondary  electron  emission  coefficients,  and  reaction  rates  are 
identical  to  those  used  in  the  homogeneous  and  unbounded  ki¬ 
netic  model.  The  gap  length  d,  the  pressure  p,  and  the  gas  tem¬ 
perature  T  are  also  chosen  to  be  the  same  as  in  the  unbounded 
model.  Other  model  parameters,  such  as  length  and  relative  per¬ 
mittivity  of  dielectrics,  are  identical  to  those  used  in  Meunier  et 
al  [6]. 

We  use  the  1-D  model  to  calculate  the  voltage  margin  of 
stable  operation  of  the  cell  by  the  voltage  transfer  curve  method, 
introduced  by  Slottow  and  Petty  [5]  and  described  in  Meunier  et 
al.  [6].  In  each  case,  we  use  an  applied  voltage  corresponding  to 
operation  in  the  middle  of  the  calculated  voltage  margin  to  de¬ 
termine  the  efficiency  of  the  discharge.  The  energy  dissipated 
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Fig.  5.  (a)  Normalized  derivative  of  the  efficiency  ?/  as  a  function  of  Nxe  in  Ne-Xe  mixtures.  The  dashed  line  shows  the  normalized  derivative  of  the  efficiency 
of  the  discharge,  calculated  using  the  1-D  model,  (b)  Normalized  derivative  of  the  efficiency  ij  as  a  function  of  Axo  in  He-Xe  mixtures.  The  dashed  line  shows 
the  normalized  derivative  of  the  efficiency  of  the  discharge,  calculated  using  the  1-D  model. 


by  electrons  and  ions,  as  well  as  the  energy  spent  in  excitation 
of  UV  emitting  states  of  Xe  are  calculated.  In  other  words,  ef¬ 
ficiency  7]  is  calculated  as  given  by  (1),  except  for  the  fact  that 
^diss  —  +  Jioii)  —  “b  f  Efj  (fj  llj)E^ . 

The  dashed  line  curve  in  Fig,  2(a)  shows  the  variation  of  the 
mid-margin  sustaining  voltage  in  the  gap  V^g  as  a  function  of 
the  Xe  concentration  Nxv  in  a  Ne-Xe  mixture.  Vsg  is  given  by 

pziiinx 

2 

where 

Co  equivalent  capacitance  of  the  dielectric 

layers; 

Cg  gas  gap  capacitance; 

pzmin^  yjnax  calculated  minimum  and  maximum  values  of 
the  sustaining  voltage. 

The  dashed  curve  in  Fig.  2(c)  shows  the  variation  of  the 
discharge  efficiency  as  a  function  of  Nxe  in  Ne-Xe  mixtures 
for  a  middle-margin  applied  sustaining  voltage.  These  1-D 
results  show  that  the  sustaining  voltage  and  the  discharge 
efficiency  of  the  PDF  cell  exhibit  very  similar  dependence 
on  Nxe  with  the  corresponding  quantities  of  the  unbounded 
homogeneous  kinetic  model.  This  similarity  is  further  illus¬ 
trated  in  Fig.  5(a),  where  we  show  the  normalized  derivative 
of  the  efficiency  dri / d[NxcJ Ef])  as  a  function  of  A^xc- 
The  dashed  line  curve  shows  the  normalized  derivative  of  the 
discharge  efficiency,  calculated  with  the  1-D  simulation.  This 
plot  illustrates  that  the  fractional  increase  in  rj  is  very  small 
for  Nxe  >  0.1  N.  It  also  illustrates  that  the  dependence  of  the 
discharge  efficiency  on  Nxv,  is  determined  by  the  fundamental 
property  r]  of  the  gas  mixture. 

The  dashed  lines  in  Figs.  3(a),  3(c),  and  Fig.  5(b)  show  similar 
results  for  He-Xe  mixtures.  In  agreement  with  the  unbounded 
and  homogeneous  kinetic  model,  it  is  found  that  Vgg  is  higher 
in  a  He-Xe  mixture  compared  with  a  Ne-Xe  mixture  with  the 


same  Xe  concentration  and  that  the  discharge  efficiency  is  lower. 
It  should  be  noted  that  He  exhibits  a  very  gradual  rise  in  the  slope 
of  the  voltage  transfer  curve  [18].  We  found  that  this  is  mainly 
from  the  high  electron  momentum  transfer  cross  section  of  He. 
In  agreement  with  Veeresingam  et  al  [18],  we  found  that  this 
effect  results  in  disagreement  between  the  actual  F/"”, 
and  those  calculated  using  the  voltage  transfer  curve  method 
for  He-Xe  mixtures  with  high  helium  concentrations.  However, 
in  the  discharge  efficiency  calculation,  we  used  an  applied  sus¬ 
taining  voltage  that  results  in  a  stable  discharge. 

The  dashed  curves  in  Fig.  4(a)  and  (b)  show  V^g  and  dis¬ 
charge  efficiency  as  a  function  of  Ar  concentration  A^af  in  n 
mixture  with  NxcjNxv  =  5/95.  In  agreement  with  the  re¬ 
sults  of  the  unbounded  homogeneous  model,  Vsg  is  minimized 
at  A^af  —  El  because  of  Penning  ionization,  and  the  effi¬ 
ciency  slightly  increases  when  small  amounts  of  Ar  are  added. 
Although  these  improvements  of  ~5%  seem  to  have  been  un¬ 
derestimated  by  the  unbounded  homogeneous  model,  they  are 
still  small,  confirming  that  there  is  no  significant  advantage  in 
using  small  amounts  of  Ar  in  Ne-Xe  mixtures. 

V,  Summary 

We  have  considered  the  fundamental  kinetic  behavior  under 
an  applied  electric  field  of  homogeneous,  unbounded  inert  gas 
mixtures  to  compare  the  breakdown  field  and  UV  photon  gen¬ 
eration  efficiency  of  Ne-Xe,  He-Xe,  and  Ne-Xe-Ar  mixtures 
used  in  PDPs.  Efficiency  is  an  increasing  function  of  Xe  concen¬ 
tration  in  Ne-Xe  and  He-Xe  mixtures,  although  He-Xe  mix¬ 
tures  were  found  to  be  less  efficient  than  were  Ne-Xe  mixtures 
with  the  same  Xe  concentration.  The  fractional  increase  in  effi¬ 
ciency  is  very  small  for  TVxc  >  0.1  TV. 

For  Ne-Xe  mixtures  with  TVxo/A^nv  =  5/95,  the  addition  of 
a  small  amount  of  Ar  results  in  a  slight  minimum  in  the  break¬ 
down  field  at  TVxr/TV  ~  0.01,  whereas  the  efficiency  increases 
only  slightly.  For  Ne-Xe  mixtures  with  TVxc/A^Nc  =  10/90, 
the  addition  of  a  small  amount  of  Ar  increases  the  breakdown 
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field.  Based  on  these  results,  the  addition  of  Ar  to  Ne-Xe  mix¬ 
tures  does  not  lead  to  any  significant  improvement  in  PDF  per¬ 
formance,  either  in  terms  of  luminous  efficiency  or  breakdown 
voltage  level. 

Using  a  1-D  model  of  an  ac  PDP  cell,  we  confirmed  the  va¬ 
lidity  of  the  conclusions  derived  by  the  homogeneous  and  un¬ 
bounded  kinetic  model. 
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Experimental  Investigation  of  Ion  Parameters  in  a 
Cathodic  Arc  Plasma  Operated  with  Nitrogen  Gas 

Diana  Grondona,  Hector  Kelly,  Adriana  Marquez,  Fernando  O.  Minotti,  and  Jaroslaw  Zebrowski 


Abstract — The  ion  kinetic  energy  and  ion  density  was  deter¬ 
mined  for  the  plasma  generated  in  the  outer  region  of  the  arc 
channel  in  a  pulsed  low-pressure  cathodic  arc.  The  device  was 
operated  with  N2  gas  and  with  a  Ti  cathode  within  the  pressure 
range  10”^  -f  150  Pa,  with  a  peak  current  of  520  A.  A  retarding 
field  analyzer,  a  spherical  Langmuir  probe,  and  a  calorimetric 
system  were  employed.  The  resulting  kinetic  energy  for  both  Ti"^ 
and  Ti++  ions  was  40  ±  3  eV  at  the  cathode  spots.  The  obtained 
values  for  the  ion  density  are  in  agreement  with  those  predicted 
by  hydrodynamic  models  with  spherical  symmetry  if  the  ion 
current  penetrating  into  the  outer  region  is  taken  as  10%  of  the 
total  discharge  current.  It  was  also  found  that  the  ion  density 
increases  (and  the  ion  kinetic  energy  decreases)  with  the  filling 
pressure,  a  fact  that  can  be  attributed  to  an  ion  slowing  by  elastic 
collisions  with  neutrals.  This  behavior  cannot  be  explained  with 
the  presence  of  a  shock  wave  separating  a  plasma  region  from  an 
unperturbed  neutral  gas  region. 

Index  Terms — Hydrodynamic  model,  ion  diagnostics,  ion-gas  in¬ 
teraction,  vacuum  arc. 


I.  Introduction 

Cathodic  plasma  arcs  are  characterized  by  the  produc¬ 
tion  of  an  intense  metallic  ion  flux  emerging  from  the 
cathode  surface,  which  is  commonly  used  for  coating  purpose 
[1].  For  moderate  values  of  the  total  discharge  current  (/),  the 
emission  comes  from  minute  and  mobile  sites  on  the  cathode 
surface  known  as  cathode  “spots.”  The  kinetic  energies  of  the 
ions  are  in  the  range  15-120  eV,  depending  on  the  cathode  ma¬ 
terial  and  on  the  charge  state  of  the  ion  t2]-[4],  and  with  a  total 
ion  current  (A)  proportional  to  1.  Under  vacuum  conditions, 
it  has  been  found  that  li/I  «  0.08-0.1  [5].  Although  the  an¬ 
gular  distribution  of  the  ion  flux  is  peaked  toward  the  anode,  the 
ions  are  emitted  within  broad  angles  (measured  with  respect  to 
the  normal  to  the  cathode  plane),  so  that  depending  on  the  elec¬ 
trode  geometry,  a  considerable  fraction  of  the  ion  yield  [6]  flies 
away  from  the  interelectrode  region,  penetrating  into  the  other¬ 
wise  empty  outer  space.  During  a  short  transient  stage,  of  du¬ 
ration  roughly  given  by  the  ion  transit  time  along  the  discharge 
chamber  (typically,  ~10  /vs),  these  ions  drag  electrons  from  the 
interelectrode  region,  and  hence,  the  outer  space  is  filled  with  a 
neutral  plasma. 

In  many  experiments  with  plasma  arcs  operated  in  the  above- 
mentioned  cathode-spot  mode,  an  additional  reactive  neutral  gas 
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is  also  present  in  the  discharge  chamber,  to  promote  chemical 
reactions  for  the  production  of  complex  films.  Usual  neutral  gas 
pressures  employed  with  continuous  arcs  are  in  the  range  1-10 
Pa  [7],  but  in  some  works,  neutral  gas  pressures  (p)  in  the  range 
100-1000  Pa  were  used,  either  with  the  purpose  of  studying  the 
attenuation  of  the  metallic  ion  flux  through  the  absorption  by 
the  neutral  gas  [8]-[10]  or  because  in  some  pulsed  high-current 
experiments  with  /  in  the  range  500-1200  A,  and  with  faced 
electrodes  separated  by  a  small  gap  (2-5  mm),  the  above-quoted 
high-pressure  range  resulted  in  good  reactive  coating  production 
[11]J12]. 

The  study  of  the  outer  region  of  the  discharge  when  the  arc 
is  operated  with  neutral  gas  filling  is  important  because  in  this 
region  the  ions  lose  their  kinetic  energy  by  elastic  collisions  with 
the  neutral  particles,  and  some  of  them  are  recombined  through 
inelastic  processes  in  the  neutral  gas.  In  addition,  the  knowledge 
of  the  plasma  properties  in  this  region  can  provide  information 
on  the  plasma  state  in  the  arc  channel. 

Two  different  approaches  have  been  proposed  to  describe  the 
complex  plasma-neutral  gas  structure  developed  in  low-pres¬ 
sure  arcs  operating  with  p  in  the  range  10  -f-  1000  Pa.  Meunier 
[  1 3]  presented  a  snowplow  fluid  model  to  study  the  transient  ex¬ 
pansion  of  the  plasma  jet,  based  on  previous  detection  [14]  of 
a  luminous  plasma  “ball”  whose  radius  B  was  found  to  be  de¬ 
pendent  on  p  and  7.  Later  on,  Boxman  and  Goldsmith  [15]  pre¬ 
sented  a  zero-order  model  for  the  plasma  jet-background  gas 
interaction,  by  equating  the  plasma  jet  momentum  flux  with  the 
background  pressure.  This  balance  was  produced  at  a  certain  ra¬ 
dius,  which  the  authors  identified  with  B.  In  all  of  these  studies, 
B  was  thought  to  represent  an  impermeable  barrier  (shockwave) 
separating  two  gas-like  volumes,  the  metallic  plasma  and  the 
neutral  gas.  The  existence  of  the  shock  front  was  supported  by 
a  sudden  delivery  of  the  ion  kinetic  energy  to  the  neutrals. 

Following  a  different  approach,  Kelly  et  al.  [16]  presented 
a  steady  fluid  model  with  spherical  symmetry  to  describe  the 
elastic  interaction  between  metallic  plasma  and  neutral  gas  in 
the  outer  region  of  the  arc  channel.  The  set  of  equations  cor¬ 
responded  to  a  charge  neutrality  condition,  ion  continuity  and 
momentum,  electron  momentum  and  energy,  and  neutral  mo¬ 
mentum  and  energy  equations.  The  model  gave  the  radial  pro¬ 
files  of  the  ion  density  and  velocity,  the  electron  temperature, 
the  plasma  electrostatic  potential,  the  neutral  density,  and  tem¬ 
perature  for  given  values  of  these  quantities  at  the  border  of  the 
arc  channel.  It  was  found  that  no  shockwave  was  present  in  the 
steady  state  of  the  phenomenon,  but  instead  the  ions  gradually 
delivered  their  kinetic  energy  into  a  strongly  heated  and  rarefied 
gas. 

Because  the  plasma-neutral  gas  structure  generated  in  these 
low-pressure  arcs  is  complex,  and  many  physical  quantities  of 
the  problem  are  not  easily  accessible  to  experimental  study,  the 
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availability  of  theoretical  profiles  of  several  physical  quanti¬ 
ties  is  useful  (and  necessary)  for  the  interpretation  of  experi¬ 
mental  results.  Conversely,  the  analysis  of  the  experimental  data 
in  terms  of  a  certain  theoretical  approach  must  substantiate  the 
validity  of  that  approach. 

In  this  work,  we  will  present  a  study  of  several  plasma  char¬ 
acteristics  in  the  outer  region  of  a  pulsed  cathodic  arc  operated 
at  low-pressure  values.  Electrostatic  probe,  and  calorimetric  and 
retarding  field  analyzer  diagnostics  are  employed.  The  obtained 
ion  energy  and  ion  density  at  different  nitrogen  pressures  and 
distances  of  the  arc  channel  are  confronted  with  the  theoret¬ 
ical  predictions  of  previously  published  fluid  models  [16],  [17], 
which  predict  smooth  radial  profiles  of  the  physical  quantities 
of  the  structure,  because  of  a  gradual  delivery  of  the  ion  kinetic 
energy  to  a  heated  and  rarefied  neutral  gas.  Another  possible  in¬ 
terpretation  of  the  experimental  signals  in  terms  of  a  shockwave 
model  [15]  is  also  discussed. 

For  a  pulsed  arc  operated  with  I  «  500  A  (peak  value),  it  is 
found  that  the  ions  are  ejected  from  the  cathode  surface  with  a 
kinetic  energy  value  close  to  that  reported  for  arcs  operated  at 
I  «  100  A.  The  plasma  density  values  obtained  from  the  probe 
are  in  good  agreement  with  those  predicted  by  the  theoretical 
models,  for  an  ion  current  of  ^10%  of  the  total  discharge  cur¬ 
rent.  Also,  the  ion  energy  as  a  function  of  the  filling  gas  pressure 
at  different  radial  positions  (derived  from  the  calorimetric  mea¬ 
surements)  is  in  reasonable  agreement  with  the  theoretical  ion 
slowing  by  elastic  collisions  with  the  gas  particles,  predicted  by 
hydrodynamic  models,  which  do  not  include  the  presence  of  a 
shockwave. 

11.  Experimental  Apparatus  and  Procedure 

The  arc  was  produced  by  discharging  an  electrolytic  capac¬ 
itor  bank  {C  =  0.075  F)  connected  to  a  series  inductor-resistor 
{L  —  2  mH,  R  =  0.33  Q.)  that  critically  damped  the  discharge 
(PROTO  IZ  device).  The  vacuum  chamber  was  a  25-cm  long 
and  10-cm  diameter  stainless  steel  cylinder.  The  electrodes  (of 
radii  a  ~  0.75  cm)  were  introduced  through  the  ends  of  the 
cylinder,  facing  each  other.  The  gap  between  anode  and  cathode 
was  set  at  2  mm.  The  arcs  were  performed  in  N2  gas  with  pres¬ 
sure  {p)  values  in  the  range  10“^  ^  150  Pa,  using  a  Ti  cathode. 
The  arc  was  ignited  by  applying  a  short,  high-voltage  pulse  to  a 
trigger  electrode  contained  in  the  cathode.  The  operating  voltage 
was  260  V,  giving  a  current  pulse  (measured  through  a  low-value 
resistor,  R2  =  0.008  ±  0.001  ft)  with  an  amplitude  of  520  A 
and  HAFW  duration  of  35  ms.  More  details  on  the  device  can 
be  found  elsewhere  [18]. 

The  diagnostics  included  a  calorimetric  system,  a  spherical 
electrostatic  probe  and  an  ion  retarding  field  energy  analyzer 
RFA  [19].  For  the  first  two  diagnostics,  it  was  possible  to 
move  the  sensors  in  the  radial  direction  perpendicular  to  the 
electrode  axis.  The  calorimeter  was  composed  of  a  thermally 
insulated  cup-shaped  Cu  plasma  collector,  with  a  diameter 
of  6  mm,  19  mm  length,  and  20  /xm  thickness  (total  mass  of 
70  mg),  in  thermal  contact  with  a  thermocouple.  By  immersing 
the  calorimeter  in  a  thermal  bath  with  controlled  temperature, 
the  sensitivity  of  the  thermocouple  was  determined  to  be 
25  ±  5  fiWrC.  The  set  was  wrapped  with  a  Teflon  insulator 
and  shielded  with  a  brass  tube  of  18  mm  diameter.  The 


thermocouple  signal  was  electronically  amplified  (250  x)  and 
then  registered  in  a  computer  through  a  digital  multimeter 
(with  a  2-s/s  sampling  rate).  The  electrostatic  probe  electrode 
consisted  of  a  spherical  copper  tip  (0.94  mm  of  diameter), 
which  was  made  by  melting  (and  then  quenching)  a  Cu  wire.  To 
avoid  contamination  of  the  probe  insulator  from  the  discharge 
products,  the  probe  was  wrapped  with  a  double  glass  tube  [20]. 
Several  test  shots  were  performed  before  the  measurements  to 
evaluate  the  influence  of  the  coating  on  the  probe-collecting 
head.  It  was  found  that  after  four  shots,  the  amplitude  of  the 
signal  began  to  be  affected  by  the  coating;  so  it  was  decided 
to  clean  the  probe  every  two  shots.  The  probe  was  biased  by 
connecting  it  to  a  regulated  dc  power  source  (±50  V,  2  A) 
through  a  calibrated  series  resistor  {Rp)^  The  probe  voltage 
(V^),  the  voltage  drop  on  Rp  (which  in  turn  is  proportional  to 
the  probe  current  ip),  the  voltage  between  the  electrodes  (Va), 
and  the  total  discharge  current  were  simultaneously  registered 
using  a  four-channel  digitizing  oscilloscope.  To  register  the 
plasma  potential  (V/),  a  series  of  shots  with  the  probe  simply 
connected  to  a  high-impedance  resistive  voltage  divider  was 
also  performed. 

The  RFA  analyzer  consisted  of  a  housing  subjected  to  differ¬ 
ential  pumping,  with  an  entrance  pinhole  (0.8  mm  of  diameter), 
a  metal  grid  (with  a  40%  transparency)  located  8  cm  from  the 
pinhole,  and  a  Cu  circular  collector  of  1  cm  of  diameter,  placed 
2.5  cm  far  from  the  grid.  The  RFA  was  located  perpendicular 
to  the  electrode  axis  (at  an  axial  position  corresponding  to  the 
middle  of  the  interelectrode  gap),  with  the  pinhole  at  a  radial  po¬ 
sition  of  1.5  cm  (measured  with  respect  to  the  electrode  axis). 
The  metallic  holder  of  the  pinhole  was  grounded,  whereas  the 
grid  was  biased  to  - 10  V,  to  separate  ions  from  electrons  in  the 
grid-collector  section  of  the  RFA.  The  collector  current  Ic  was 
registered  for  different  bias  collector  voltages  Vc,  with  Vc  in  the 
range  -40  100  V.  During  the  measurements,  the  pressure  in¬ 

side  the  RFA  was  smaller  than  10”^  Pa. 

In  Fig.  1,  a  scheme  of  the  experimental  arrangement  is  pre¬ 
sented,  showing  also  a  discharge  current  waveform  in  the  insert 
at  the  right  top  of  the  figure. 

With  the  diagnostics  described  above,  the  following  set  of 
measurements  was  performed.  For  a  fixed  p  =  5  Pa,  a  com¬ 
plete  Ic  —  Vc  RFA  collector  characteristic  was  registered.  This 
was  done  to  get  the  ion  energy  distribution  (following  the  pro¬ 
cedure  depicted  in  [19])  at  a  discharge  current  value  of  «500  A. 
On  the  other  hand,  varying  p  in  the  range  10"^  -r  150  Pa,  the 
electrostatic  probe  registered  ip  and  Vf  at  an  axial  position  cor¬ 
responding  to  the  middle  of  the  interelectrode  gap  and  at  a  radial 
position  Tp  =  1.75  cm.  The  calorimeter  registered  the  tempera¬ 
ture  increment  at  rc  =  1.25  cm  and  Vc  —  1.75  cm.  Occasionally, 
some  measurements  at  Tc  —  3.65  cm  were  also  performed. 


III.  Results 

A.  Ion  Energy  Analysis 

In  Fig.  2,  the  Ic  -  Vc  RFA  collector  characteristic  corre¬ 
sponding  to  p  =  5  Pa  is  presented.  Each  experimental  point 
corresponds  to  the  average  between  three  and  five  shots  per¬ 
formed  under  identical  conditions.  As  shown  in  [19],  (minus) 
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Fig.  1 .  Scheme  of  the  experimental  setup.  The  discharge  current  waveform  is  shown  in  the  insert  at  the  upper  right  of  tlie  figure.  The  time  interval  considered  for 
the  averaging  procedure  is  shown  between  vertical  dotted  lines. 


B.  Prohe  Measurements 

The  probe  signals  were  noisy  and  consisted  of  a  main  signal 
(the  ion  register  followed  the  total  discharge  current  waveform), 
but  with  superimposed  unidirectional  spikes  with  characteristic 
frequencies  in  the  range  0.05-0.5  MHz.  These  spikes  arc  indica¬ 
tive  of  strong  cathode  spot  activity  and  are  usually  found  in  low- 
pressure  arc  experiments  [22],  (23].  Because  the  spike  pattern 
in  the  probe  signals  was  completely  irrcproducible,  showing 
changes  from  shot  to  shot  in  the  amount,  amplitude  and  temporal 
position  of  the  spikes,  it  was  decided  to  extract  a  mean  behavior 
of  the  plasma  by  averaging  the  probe  signals  on  a  relatively  large 
period  of  time.  Hence,  the  mean  probe  floating  voltage  and  cur¬ 
rent  were  defined  as 


Fig.  2.  1-V  characteristic  of  the  retarding  field  analyzer  collector 

corresponding  to  ]>  —  5  Pa. 

the  slope  of  this  curve  is  proportional  to  the  ion  energy  distri¬ 
bution  function  {f{E)),  Within  the  experimental  uncertainties, 
it  was  found  that  f{E)  presented  two  peaks  at  K-  =  42  it  3 
V  and  Vc  =  60  it  3  V,  respectively.  Taking  into  account  that 
the  ions  are  generated  in  a  region  (close  to  the  spots)  in 
which  the  plasma  potential  is  close  to  the  anode  potential 
(1^4  =  21.5  it  0.25  V,  measured  with  a  high-impedance  resis¬ 
tive  voltage  divider),  and  that  the  entrance  pinhole  of  the  RFA 
is  grounded,  the  two  peaks  were  identified  as  corresponding 
to  Ti+  and  Ti^"*’  ions  ejected  from  the  cathode  surface  with 
an  energy  of  40  it  4  eV  for  both  kind  of  ions.  This  value  is 
in  agreement  with  that  reported  for  vacuum  arcs  operated  at 
current  levels  of  100  A  [21]. 


(V/)  =  (l/A/.)  I  VjiDdl. 

(v)  =  (VA/)  I 

where  At  =  f  i  —  to  and  the  limits  of  integration  were  taken 
to  include  a  period  of  time  during  which  the  amplitude  of  /(/;) 
is  considerable  and  its  temporal  variations  are  relatively  small. 
In  practice,  ~  7.5  ms  and  to  —  17.5  ms,  measured  with  re¬ 
spect  to  the  beginning  of  the  discharge.  Note  that  with  the  def¬ 
initions  quoted  above,  the  effects  of  the  spike  irregularities  arc 
smoothed,  but  at  the  price  of  deriving  mean  plasma  properties 
during  the  time  interval  considered.  For  simplicity  in  the  nota¬ 
tion.  in  what  follows,  we  will  use  Vf  and  for  the  time  average 
of  these  quantities.  In  practice,  even  after  the  average-smoothing 
process  described  above,  large  uncertainties  develop  in  the  de¬ 
termination  of  the  electron  temperature  7],  from  the  slope  of  the 
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\nip-Vp  line.  Taking  into  account  that  the  last  procedure  is  also 
time-consuming,  in  this  work,  we  decided  to  obtain  Tg  (for  each 
pressure  value)  from  the  floating  potential  equation.  Because 
this  method  requires  the  knowledge  of  the  plasma  potential  at 
the  probe  position  (which  is  hard  to  obtain  experimentally),  it  is 
necessary  to  get  the  plasma  potential  from  a  theoretical  model. 
It  is  clear  that  this  procedure  does  not  lead  to  a  proper  determi¬ 
nation  of  Te,  but  aims  to  determine  a  value  of  Tg  consistent  with 
the  adopted  theoretical  frame.  In  any  case,  we  have  checked  for 
one  value  of  p  {p  —  50  Pa)  that  the  Tg  value  obtained  from  the 
floating  potential  equation  is  consistent  with  that  obtained  from 
the  electron  branch  of  the  ip-Vp  characteristic  (with  an  uncer¬ 
tainty  ?^100%). 

For  the  interpretation  of  the  probe  measurements,  the  models 
of  [16]  (for  high  pressure,  p  >  50  Pa)  and  [17]  (for  lower 
pressures)  were  adopted.  For  all  cases,  it  was  found  that  the 
collision  mean  free  path  of  electrons  and  ions  was  large  com¬ 
pared  with  the  probe  size,  so  that  collisionless  theory  can  be 
applied.  Because  in  this  case  the  kinetic  energy  of  the  ions  can 
be  much  larger  than  Tg,  Lam’s  generalization  of  classic  Lang¬ 
muir’s  theory  [24]  (which  takes  into  account  ions  of  arbitrary 
kinetic  energy)  was  employed. 

According  to  Lam’s  theory,  the  ion  saturation  current  (i+) 
can  be  obtained  from  the  relationship 

-{Vp  -9)  =  (1) 

where  ip  is  the  plasma  potential  at  the  probe  position, 
mi  and  2;^  are  the  ion  mass  and  charge,  respectively, 
i  =  {i+ lniT^Rl)ynil2{Ei  +  (ni  is  the  ion 

density,  Ei  the  ion  kinetic  energy,  and  Rp  is  the  probe  radius), 
=  j^(/3)  (with  /3  =  Ei/zrTe)  is  a  function  tabulated  in 
Lam’s  work  that  for  large  p  values  takes  a  value  jm  ^  and 
F[{3l3mf'‘^]  is  another  function  that  can  also  be  obtained 
from  Lam’s  work  for  a  spherical  probe. 

In  Lam’s  work,  an  approximate  expression  for  the  floating 
probe  potential  is  obtained  as 

Vf  =  9-  (Te/e)ln[(7r^/V2i™)(^rme/mi)^/^(l 

(2) 

For  a  measured  Vf ,  Tg  can  be  obtained  from  (2)  if  (p  and  Ei 
are  known.  On  the  other  hand,  for  given  values  of  Vp  and 
(1)  can  be  used  for  the  determination  of  ra  if  Tg  is  known.  As 
previously  quoted,  we  have  resorted  to  the  models  of  [17]  and 
[16]  to  obtain  the  Ei  and  (p  values  at  the  probe  position. 

It  was  found  that  Vf  was  almost  independent  of  p  {Vf  = 
14.5  ±  0.5  V),  within  the  experimental  uncertainties.  Because 
the  arc  voltage  drop  was  also  constant  (Va  —  21  ±  0.25  V), 
and  the  plasma  potential  (as  obtained  from  [16]  and  [17])  did 
not  vary  strongly  with  p  (see  Table  I),  the  inferred  electron  tem¬ 
perature  value  was  also  approximately  constant,  with  a  value 
Tg  =  1.0  ib  0.2  eV. 

In  Table  I,  the  experimental  values  of  (corresponding  to 
Vp  =  -40  V),  the  plasma  density  obtained  from  Lam’s  theory 
(1),  and  the  theoretical  values  of  p,  and  the  ion  density  (n^th) 
are  presented  for  the  probe  radial  position  Vp  =  1 .75  cm  and  for 


TABLE  I 

Experimental  Values  of  (Corresponding  to  Vp  =  -40  V)  and  the 
Inferred  Value  of  Ui  from  Probe  Measurements,  at  r=  1.75  cm. 
The  Theoretical  Values  of  Ei  .nuh,  and  p  Are  also  Included 


pi?a) 

ip  (mA) 

£^(eV) 

^(V) 

«/*(10’W^) 

n,  (lO'^cm*^) 

5  10'^ 

20.0±0.5 

45.7 

18.9 

7.0 

7.510.5 

1 

19.4±1.3 

45.7 

18.9 

7.0 

7.310.5 

5 

20.611.0 

45.7 

18.9 

7.0 

7.7  1 0.5 

10 

16.911.0 

37.3 

18.9 

7.3 

6.9  1 0.5 

50 

14.610.5 

17.4 

19.2 

10.3 

8.3  1 0.6 

100 

18.110.5 

3.3 

19.6 

21.8 

18.811.2 

150 

18.711.0 

1.0 

19.9 

23.0 

23.911.4 

t{s) 

Fig.  3.  Typical  calorimetric  signal. 

the  different  p  values  investigated.  Each  experimental  value  of 
in  Table  I  represents  the  average  of  3-5  experimental  data. 
To  obtain  the  theoretical  values  of  Ei  and  p,  the  following  pa¬ 
rameters  and  boundary  values  were  employed  in  the  model: 
Ei{a)  =  40  eV  (according  to  the  results  of  the  RFA  diagnostic), 
Te(a)  =  1.2  eV,  p{a)  =  Va,  (a)  was  fixed  by  selecting  R 
equal  to  10%  of  the  total  current  {R  =  52  A),  and  an  average 
ion  charge  Zr  —  l.S  (corresponding  to  Ti  ions  [21]).  It  can  be 
seen  from  Table  I  that  the  experimental  values  of  the  plasma 
density  are  in  good  agreement  with  the  theoretical  ones.  It  must 
also  be  noted  that,  as  long  as  Ei  >  ZpTe,  the  Ui  values  obtained 
from  (1)  are  almost  independent  of  the  Tg -value.  The  condition 
Ei  >  ZpTe  is  fulfilled  in  all  of  the  pressure  range  investigated, 
except  for  the  highest  pressure  point  p  —  150  Pa. 

C.  Calorimetric  Measurements 

In  Fig.  3,  a  typical  calorimetric  signal  is  shown.  It  can  be  seen 
that  the  signal  reaches  a  peak  value  at  a  time  of  the  order  of  the 
thermocouple  rise  time  (»0.5  s),  followed  by  a  decrease  with  a 
time  scale  of  ^30  s  (the  cooling  time).  The  energy  delivery  time 
corresponds  to  the  total  arc  duration  (~0.1  s). 

Designing  with  To  the  peak  temperature  that  should  have 
been  registered  by  the  calorimeter  if  there  was  no  thermocouple 
rise  time  or  cooling  effects,  the  time  evolution  of  the  tempera¬ 
ture  registered  by  the  system  can  be  written  as 

T{t)  =  Ta  +  (To  -  T„){1-  exp(-Vri)}  exp(-f/r2)  (3) 
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where  T„  is  the  ambient  temperature  and  n.  r2  are  the  thermo¬ 
couple  rise  time  and  cooling  time,  respectively.  Equation  (3)  has 
a  maximum  (Ti„ax)  tor  /;  —  /,„ax-  They  are  given  as 

Tnnx  =  T„  +  (To  -  T„)[r,/(ri  +  T2)][n/(n  + 

^max  =  Ti  1ii[(ti  +  r2)/ri]  (4) 

for  Ti  =  0.5  s  and  r2  =  30  s,  (4)  gives 

=0.9(To-7;).  (5) 

On  the  other  hand,  the  calorimetric  balance  gives 

at;  =  ?r/-ciiO;,(To  -  Ta )  (6) 

where  is  the  energy  input  on  the  collector,  7//.cu  is  the  mass 
of  the  Cu  target,  and  is  the  Cu-specific  heat.  At  low  operating 
pressure  values  (])  <  50  Pa),  the  ion  kinetic  energy  losses  are 
negligible  [16];  so  the  main  contribution  to  AT;  comes  from  the 
metallic  ions  impinging  on  the  target  surface,  because  the  ion 
kinetic  energy  is  much  larger  than  the  electron  thermal  energy 
(because  the  collector  is  at  floating  potential,  the  ion  and  elec¬ 
tron  fluxes  arriving  to  its  surface  arc  equal).  Hence 

at;  —  I  ni{f  )viE*  a  dt  (7) 

where  Vi  is  the  ion  velocity,  A  is  the  collector  surface,  and  EJ  is 
the  ion  energy  at  the  calorimeter  collector  position.  Note  that  E* 
is  equal  to  the  kinetic  ion  energy  Ep*’  plus  the  energy  acquired 
in  the  voltage  drop  from  the  plasma  potential  to  the  floating 
potential  {zr{Vf  —  (p)).  In  (7),  the  integral  extends  over  the 
whole  arc  duration.  Because  Ef  is  assumed  to  be  independent 
of  t^ni{t)  is  proportional  to  the  instantaneous  value  of  the  dis¬ 
charge  current  I{t)  (this  result  follows  from  the  proportionality 
between  7(^)  and  the  ion  current  [5]),  and  because  the  profile 
of  7(^)  is  known,  the  integral  (7)  can  be  solved  in  terms  of  v.j. 
After  solving  (7),  combining  with  (5)  and  (6),  and  replacing  the 
geometrical  value  of  A,  it  results  in 

Ty/"(eV)  =  7.4  10'^(T„.,,  -  (8) 

Equation  (8)  was  employed  to  determine  EJ  for  ?>  —  1.75 
cm,  because  ni  is  known  from  the  ion  branch  of  the  electrostatic 
probe  (see  Table  I)  and  T^uik  -  from  the  calorimeter  mea¬ 
surements.  Note  the  presence  of  a  nondimensional  factor  {k)  in 
the  left-hand  side  of  (8).  It  was  introduced  because  the  numer¬ 
ical  value  of  A  employed  in  that  equation  corresponds  to  the 
bottom  part  of  the  cup-shaped  collector  of  the  calorimeter,  and 
it  is  likely  that  some  parts  of  its  lateral  area  participate  in  the 
ion  collection.  The  T-value  (and,  hence,  the  proper  value  of  the 
collecting  area)  was  derived  by  taking  into  account  that  under 
very  low  gas  pressure  values,  there  are  practically  no  interac¬ 
tions  between  the  ions  and  the  background  gas.  In  these  condi¬ 
tions  (j)  =  5  - 10“^  Pa),  the  ion  kinetic  energy  at  the  calorimeter 
position  can  be  simply  calculated  as  the  emitted  energy  (40  eV) 
at  the  cathode  spots  plus  the  energy  gained  under  the  voltage 
drop  between  the  arc  and  the  floating  potential  of  the  calorimeter 


p  (mbar) 


Fig.  4.  Ion  kinetic  energy  as  a  function  of  j>  determined  from  calorimetric 
measurements  employing  the  experimental  values  for  /y.  —  1.75  cm.  The 
ion  kinetic  energies  obtained  from  the  theoretical  model  arc  also  shown. 

(Km  -  Vfi'f'c)  =  6.5  V),  resulting  in  E*  —  51  eV.  At  this  ra¬ 
dial  position  =  7.5  •  10^^  cm“^  and  Tlnnx  -  =  7.8 °C, 

thus,  (8)  gives  k  =  2.0.  This  value  indicates  that  a  considerable 
fraction  of  the  lateral  surface  of  the  Cu  collector  contributes  to 
the  ion  collection.  Equation  (8)  gave  the  same  value  of  k  for 
the  temperature  increments  obtained  at  other  calorimeter  posi¬ 
tions  (/\.  =  1.25  and  rv  “  3.65  cm)  and  at  a  low-pressure  value 
(j;  —  5  10-2  using  in  these  cases  the  n;-value  obtained 
from  the  theoretical  model  [17]. 

In  Fig.  4,  the  values  of  the  ion  kinetic  energy  inferred  from 
(8)  (Ep^’)  for  several  values  of  p  and  for  7v  ==  1.75  cm  are 
presented.  The  E^value  was  determined  from  (8),  employing 
the  experimental  7ii  values  from  Table  I,  and  E[^^^  was  obtained 
by  subtracting  from  Ef  the  voltage  drop  in  the  positive  sheath 
around  the  calorimeter  -  K/(7v)]).  Note  that  Ef  de¬ 

pends  mainly  on  ro  [see  (8)],  and  hence,  it  is  independent  of 
T^.,  except  for  the  point  p  =  150  Pa.  For  comparison  purposes, 
the  values  of  E,  obtained  from  the  theoretical  models  (under  the 
same  boundary  values  of  those  used  in  Table  I)  are  also  shown. 

In  Fig.  5,  the  same  quantities  as  those  presented  in  Fig.  4  are 
shown,  but  for  rv  =  1.25  cm.  Because  in  this  case  no  exper¬ 
imental  data  on  r/,  were  available,  the  determination  of  E^^^^ 
from  (8)  was  performed  using  the  theoretical  values  of  7L/  (nan) 
as  given  by  the  models  of  [16]  and  [17].  In  all  of  the  cases,  the 
uncertainty  in  the  E^^Eyalues  can  be  estimated  in  ?^5-6  eV.  It 
can  be  seen  that  the  agreement  between  the  values  of  Ef^^^  and 
E;  is  good. 
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Fig.  5.  Ion  kinetic  energy  as  a  function  of  p  determined  from  calorimetric 
measurements  using  the  theoretical  values  of  ni  (nah)  for  ~  1.25  cm.  The 
ion  energies  obtained  from  the  theoretical  model  are  also  shown. 


density  (8)],  are  also  in  fair  agreement  with  the  values  predicted 
theoretically. 

Let  us  assume  the  presence  of  a  shockwave  in  the  steady 
plasma-neutral  gas  structure,  as  proposed  in  [13]-[15].  If  we 
express  the  radius  R  of  the  hypothetical  shock  as  function  of  I 
and  p  according  to  the  relationship  presented  in  [15],  it  is  ob¬ 
tained,  in  practical  units,  as  R  (cm)  =  S.7{Ii  (A)/p  (Pa)}^/^. 
In  this  case,  li  =  52  A;  hence,  for  the  pressure  range  investi¬ 
gated,  the  last  relationship  predicts  that  R  >  2.2  cm.  Because 
the  calorimeter  radial  positions  were  both  smaller  than  R  for  all 
of  the  p  values,  we  can  conclude  that  the  -values  should 
have  remained  independent  of  the  pressure  value,  because  the 
plasma  ‘‘ball”  was  always  outside  of  the  calorimeter.  We  can 
argue  that  the  value  of  li  is  only  a  theoretical  value  selected  for 
a  good  fitting  of  the  theoretical  models  [16],  [17],  and  if  the  true 
value  of  li  was  somewhat  smaller,  the  value  of  R  would  have 
been  smaller,  perhaps  smaller  than  the  calorimeter  radius  for 
some  value  of  p.  But  if  this  was  the  case,  the  shock  would  have 
crossed  the  calorimeter  position  as  the  pressure  decreased;  so 
we  should  expect  that  versus  p  behaved  as  a  kind  of  “step” 

function.  In  either  case,  this  is  not  the  behavior  of  shown 
in  Figs.  4  and  5.  For  the  above  reasons,  we  think  that  the  smooth 
decrease  of  Ei  when  the  filling  pressure  increases  (Figs.  4  and 
5)  cannot  be  explained  with  the  presence  of  a  shockwave  sepa¬ 
rating  a  plasma  region  from  an  unperturbed  neutral  gas  region. 

To  summarize,  we  think  that  the  experimental  behavior 
of  the  ion  density  and  ion  kinetic  energy  with  the  filling 
pressure  presented  in  this  work  point  to  support  the  existence 
of  a  plasma-neutral  gas  structure  characterized  by  a  strongly 
perturbed  neutral  gas  (heated  and  rarefied)  interpenetrating  the 
metallic  plasma. 


IV,  Discussion  and  Final  Remarks 

The  inferred  kinetic  energies  from  the  cathode  spots  for  Ti+ 
and  Ti++  ions  (E'®"'^(a)  =  40  ±  3  eV  for  both  species)  corre¬ 
sponding  to  an  arc  current  of  520  A  and  p  =  5  Pa  are  in  good 
agreement  with  those  reported  for  /  =  100  A  under  vacuum 
conditions  [21].  However,  no  evidence  of  the  presence  of  Ti"^"^"^ 
ions  was  found  in  this  experiment,  which  can  be  because  of  the 
uncertainty  of  the  diagnostic  (the  reported  fraction  of  Ti"^"^*^ 
ions  is  only  about  6%).  This  energy  has  been  employed  as  an 
input  parameter  to  calculate  the  theoretical  radial  profile  of  Ei 
with  the  models  of  [16]  and  [17]. 

The  results  of  the  electrostatic  probe  measurements  for  the 
ion  density  show  a  good  agreement  with  those  predicted  by  the 
models,  if  an  ion  current  of  10%  of  the  discharge  current  is  as¬ 
sumed.  Although  it  must  be  considered  that  the  reported  value 
of  Te  does  not  come  from  a  direct  experimental  measurement, 
it  has  practically  no  influence  on  the  behavior  of  Ui  and  Ei  with 
p.  The  increase  of  the  ion  density  with  the  filling  pressure  can 
be  attributed  to  the  ion  slowing  produced  by  elastic  ion-neutral 
collisions.  Within  the  pressure  range  investigated,  the  rarified 
neutral  density  between  the  arc  channel  and  the  probe  position 
is  not  high  enough  to  produce  a  significant  ion  absorption  by 
inelastic  processes. 

The  values  of  the  kinetic  ion  energies  obtained  from  the 
calorimetric  measurements  [with  the  knowledge  of  the  ion 
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Electron  Mobility  in  Mixtures  of  Optically  Excited 
Sodium  Vapor,  Molecular  Nitrogen,  and  Heavy  Inert 

Gases 

Nikolai  A.  Gorbunov,  Olga  V.  Krylova,  and  Igor  Smurov 


Abstract — A  study  is  made  of  the  processes  of  formation  of  a 
nonequilibrium  electron  energy  distribution  in  mixtures  of  sodium, 
molecular  nitrogen,  and  heavy  inert  gases.  It  is  shown  that  in  these 
mixtures,  a  local  maximum  on  the  electron  energy  distribution  can 
form  in  the  energy  range  corresponding  to  the  Ramsauer  minimum 
in  the  elastic  collision  cross  section  for  inert  gases.  The  question 
is  discussed  of  whether  the  electron  mobility  can  become  negative 
during  the  resonant  optical  excitation  of  the  3S-3P  transition  in 
sodium.  The  electron  distribution  function  is  calculated  paramet¬ 
rically  to  determine  the  critical  plasma  parameters  for  which  nega¬ 
tive  electron  mobility  can  be  observed  in  experiments,  specifically, 
the  composition  of  the  mixture,  the  concentration  of  resonantly  ex¬ 
cited  sodium  atoms,  the  temperature  corresponding  to  the  distri¬ 
bution  of  vibrationally  excited  molecules,  the  degree  of  ionization, 
and  the  electric  field  strength. 

Index  Terms — Conductivity,  distribution  function,  plasma  prop¬ 
erties. 


L  Introduction 

IN  OUR  previous  papers  [1],  [2],  we  considered  the  forma¬ 
tion  of  the  electron  energy  distribution  function  (EEDF)  in  a 
photoplasma  in  mixtures  of  sodium  vapor  with  inert  gases.  We 
treated  the  mixtures  containing  heavy  inert  gases  and  showed 
that  when  the  electron  energy  deviates  from  the  thermal  energy 
of  the  heavy  particles  because  of  superelastic  collisions  between 
electrons  and  resonantly  excited  sodium  atoms,  a  nonequilib¬ 
rium  electron  energy  distribution  can  form  with  a  local  max¬ 
imum  in  the  energy  range  e  >  Cmin  above  the  Ramsauer  min¬ 
imum  in  the  elastic  scattering  cross  section  a{e)  for  heavy  inert 
gases.  We  found  that  in  order  for  the  inverse  EEDF  such  that 
df{e)  jde  >  0  to  form  in  the  above  energy  range,  the  following 
two  conditions  should  be  satisfied. 

1)  ^^ea(^)  >  which  indicates  that  the  frequency  of 

the  energy  losses  caused  by  elastic  electron-atom  colli¬ 
sions  6vea{^)  (where  6  —  2  m/M  is  the  energy  transfer 
coefficient  in  the  course  of  elastic  collisions  between 
an  electron  of  mass  m  and  a  heavy  particle  of  mass 
M)  should  exceed  the  frequency  uoi{e)  of  the  energy 
losses  caused  by  inelastic  collisions  between  electrons 
and  sodium  atoms  in  the  near-threshold  energy  range 
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£  >  AE  (where  AE  is  the  excitation  threshold)  for 
the  excitation  cross  section  for  the  resonant  Na(3S-3P) 
transition  in  sodium  by  electron  impact. 

2)  u  *  (£min)  >  ^^^eo(^min)»  which  indicates  that  the  fre¬ 
quency  (e)  of  superelastic  collisions  between  electrons 
and  resonantly  excited  sodium  atoms  Na(3P)  should  ex¬ 
ceed  the  frequency  of  energy  losses  caused  by  elastic  elec¬ 
tron-atom  collisions  in  the  energy  range  £  ^  £mm  near 
the  Ramsauer  minimum  in  the  elastic  scattering  cross  sec¬ 
tion  for  inert  gases. 

We  showed  that  the  EEDF  inversion  causes  the  electron  mo¬ 
bility  to  decrease  substantially.  The  EEDF  can  lead  to  the  abso¬ 
lute  negative  conductivity  (ANC)  effect  in  argon-sodium  mix¬ 
tures.  Necessary  conditions  for  the  ANC  effect  to  occur  are  as 
follows:  1)  the  population  of  resonantly  excited  sodium  atoms 
Na(3P)  should  exceed  a  certain  critical  value  close  to  the  satu¬ 
ration  level  for  the  optical  3S-3P  transition  and  2)  the  degree  of 
ionization  ^  of  a  medium  should  be  sufficiently  low  (lower  than 
the  critical  value  ^  <  2-10“^^).  These  requirements  are  clearly 
in  contradiction,  which  makes  it  difficult  to  achieve  the  ANC  in 
experiments  with  a  photoplasma  in  two-component  mixtures. 

In  [1]  and  [2],  we  have  shown  that  among  the  main  obstacles 
to  the  formation  of  an  inverse  EEDF  are  collisions  of  the  first 
kind  between  electrons  and  sodium  atoms  in  the  ground  state 
Na(3S).  These  collisions  reduce  the  efficiency  with  which  fast 
electrons  are  produced  in  the  course  of  superelastic  impacts  be¬ 
cause  of  the  reverse  processes.  Here,  in  order  to  make  the  EEDF 
inversion  more  pronounced,  we  propose  to  reduce  the  effect  of 
electron-sodium-atom  inelastic  collisions  by  using  molecular 
nitrogen  as  a  third  mixture  component. 

The  formation  of  EEDFs  with  different  shapes  in  nonself-sus¬ 
tained  discharges  in  pure  nitrogen  was  studied  both  theoretically 
and  experimentally  in  a  number  of  papers  [3]-[9].  Summarizing 
the  results  obtained  in  those  studies,  we  can  draw  the  conclu¬ 
sion  that  the  shape  of  the  EEDF  in  nitrogen  is  governed  by  in¬ 
elastic  processes,  including  both  the  excitation  and  deexcitation 
of  molecules  in  the  ground  electronic  state  A  and  collisions 
of  electrons  with  electronically  excited  molecules  (A^E  J,  etc.). 
A  specific  feature  of  the  excitation  of  vibrational  levels  of  the 
lowest  electronic  state  of  nitrogen  molecules  is  that  the  cross 
section  for  excitation  by  electron  impact  depends  strongly  on 
energy.  The  vibrational  excitation  is  most  efficient  in  the  en¬ 
ergy  range  ei  <  £  <  £2  ~  1.5  eV  and  £2  ~  3.7  eV), 

the  total  cross  section  for  excitation  from  the  ground  state  being 
maximum  at  £niax  ^  2.3  eV  (see  Fig.  1).  Analysis  of  the  cited 
papers  shows  that,  in  nonself-sustained  discharges,  the  shape  of 


0093-3813/00$10.00  ©  2000  IEEE 


1288 


IEEE  TRANSACTIONS  ON  PLASMA  SCIENCE,  VOL.  28,  NO.  4,  AUGUST  2000 


Fig.  1.  Cro.ss  sections  for  the  main  processes  responsible  for  the  formation 
of  the  EEDF  in  the  mixtures  under  consideration:  (1)  the  cross  section  for  the 
excitation  of  the  resonant  states  Na(3S-3P)  of  sodium  atoms;  (2)  the  total  cross 
section  for  the  excitation  of  the  first  eight  vibrational  levels  of  nitrogen 

molecules;  and  the  transport  cross  section  for  elastic  collisions  of  electrons  with 
(3)  Xe  atoms,  (4)  N2  molecules,  and  (5)  Ar  atoms. 

the  EEDF  depends  strongly  on  the  molecular  distribution  over 
the  vibrational  levels  of  the  ground  state  where  v  is 

the  vibrational  quantum  number. 

When  the  gas  temperature  Ta  and  the  vibrational  temperature 
Ty  of  the  state  are  both  low,  the  electron  flux  into  the  en¬ 

ergy  range  Ci  <  c  <  62  in  energy  space  is  governed  by  the 
relaxation  of  fast  electrons  produced  in  the  range  e  >  £2  caused 
by  superelastic  collisions  between  thermal  electrons  (c  <  ei) 
and  electronically  excited  molecules.  In  the  range  e  >  ^2,  the  re¬ 
laxation  of  fast  electrons  is  governed  by  electron-electron  colli¬ 
sions,  elastic  electron-molecule  collisions,  and  the  processes  re¬ 
sponsible  for  the  excitation  of  the  rotational  levels  of  molecules. 
In  the  range  £i  <  e  <  £2^  the  relaxation  is  also  affected  by 
the  processes  of  the  excitation  of  vibrational  levels,  which  leads 
to  the  formation  of  a  dip  in  the  EEDF  profile  [3],  [4],  [6].  In 
this  range,  such  a  dip  was  observed  in  experiments  with  elec¬ 
tron-beam-driven  discharges  in  nitrogen  at  low  pressures  [5] 
and  with  cage  discharges  (which  are  a  sort  of  beam-driven  dis¬ 
charge)  in  helium  with  a  small  (about  0.03%)  nitrogen  admix¬ 
ture;  in  the  latter  case,  fast  electrons  were  produced  in  the  course 
of  chemi-ionization  processes  and  superelastic  collisions  with 
metastable  helium  atoms  [10]. 

The  effect  of  the  nonequilibrium  character  of  the  EEDF  on 
the  transport  properties  of  a  plasma  in  heavy  inert  gases  with 
a  small  admixture  of  molecular  gases  (N2,  CO)  characterized 
by  the  resonant  nature  of  the  cross  section  for  the  excitation  of 
vibrational  levels  was  studied  in  [11]  and  [12].  It  was  shown 
that  in  such  mixtures,  the  effect  of  a  negative  differential  plasma 
conductivity  can  manifest  at  certain  electric  field  strengths.  This 


effect  is  attributed  to  the  combined  action  of  the  Ramsauer  min¬ 
imum  in  the  transport  cross  section  for  heavy  inert  gases  and 
the  electron  impact  excitation  of  the  vibrational  levels  of  the 
molecules  of  admixtures. 

Here,  we  propose  to  exploit  such  a  property  of  molecular 
nitrogen  as  its  ability  to  form  a  dip  in  the  EEDF  profile.  The  use 
of  molecular  nitrogen  admixtures  makes  it  possible  to  reduce 
the  effective  rate  of  inelastic  collisions  between  electrons  and 
sodium  atoms.  We  chose  nitrogen  because  the  maximum  cross 
section  for  the  excitation  of  the  vibrational  levels  of  nitrogen 
molecules  corresponds  to  the  near-threshold  energy  range 
for  the  excitation  cross  section  for  the  resonant  Na(3S-3P) 
transition  in  sodium.  Consequently,  by  varying  the  percentage 
of  the  components  in  mixtures  containing  heavy  inert  gases, 
sodium,  and  nitrogen,  we  can  make  the  EEDF  inversion  more 
pronounced  in  the  energy  range  around  the  Ramsauer  min¬ 
imum.  This  allows  us  to  vary  the  electron  mobility  in  a  certain 
range  in  the  desired  fashion  by  forming  a  nonequilibrium 
EEDF  in  three-component  mixtures. 

Our  aim  here  is  to  calculate  the  nonequilibrium  EEDF  and 
electron  mobility  in  mixtures  of  an  optically  excited  sodium 
vapor,  molecule  nitrogen,  and  heavy  inert  gases.  We  will  ana¬ 
lyze  the  conditions  under  which  the  inverse  electron  distribution 
forms  in  the  energy  range  around  the  Ramsauer  piinimum  and 
the  effect  negative  electron  mobility  develops.  We  will  paramet¬ 
rically  determine  the  amount  of  the  components  that  would  be 
beneficial  for  the  negative  electron  mobility  in  the  mixtures  of 
interest.  We  will  calculate  the  critical  parameters  (the  popula¬ 
tion  of  resonantly  excited  sodium  atoms,  the  temperature  corre¬ 
sponding  to  the  molecular  distribution  over  vibrational  levels, 
the  degree  of  ionization  of  a  medium,  and  the  electric  field 
strength)  for  which  the  ANC  can  be  achieved  in  experiments 
with  photoplasmas. 

II.  Theoretical  Model  and  Calculation  Technique 

The  processes  that  involve  sodium  atoms  and  inert  gases  and 
are  to  be  taken  into  account  in  our  analysis  were  discussed  in 
detail  in  [1]  and  [2].  Like  in  those  papers,  we  use  the  two-level 
model  of  sodium  atoms.  In  calculations,  we  incorporate  the  pro¬ 
cesses  of  the  excitation  of  sodium  atoms  from  the  ground  state 
and  the  relevant  reverse  processes.  The  kinetic  Boltzmann  equa¬ 
tion  for  electrons  and  numerical  algorithm  for  solving  this  equa¬ 
tion  were  also  described  in  [  1]  and  [2].  Let  us  now  consider  the 
processes  involving  molecular  nitrogen. 

The  transport  cross  sections  for  collisions  between  electrons 
and  nitrogen  molecules  were  taken  from  [13].  Under  the  condi¬ 
tions  corresponding  to  low  vibrational  temperatures  T,,  <  0.3 
eV  (see  below),  the  elastic  scattering  of  electrons  by  molecules 
is  governed  by  collisions  between  electrons  and  molecules  in 
the  lowest  vibrational  state.  This  circumstance  enables  us  to 
neglect  particular  features  of  the  transport  cross  section  for 
electron  scattering  by  vibrationally  excited  molecules.  The  pro¬ 
cesses  of  the  excitation  and  deexcitation  of  the  rotational  levels 
of  molecules  are,  as  usual,  incorporated  in  the  Fokker-Planck 
approximation  [6],  [7],  [14].  The  effective  cross  section  for  the 
excitation  of  rotational  levels  and  the  rotational  constant  for 
molecular  nitrogen  were  taken  from  [14].  The  cross  sections 
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for  the  excitation  of  the  vibrational  levels  of  molecules  with 
the  quantum  number  v  (v  —  1,  . . . ,  8)  from  the  ground  state 
were  taken  from  [14].  Fig.  1  presents  the  total  cross  section 
for  the  excitation  of  the  first  eight  levels.  The  energies  of  the 
vibrational  levels  were  taken  from  [15].  The  cross  sections 
for  the  electron  impact  excitation  of  the  electronic  states  of 
nitrogen  molecules  were  thoroughly  analyzed  in  [16].  The 
cross  section  for  the  excitation  of  the  electronic  states  of 
molecular  nitrogen  is  three  orders  of  magnitude  smaller  than 
the  cross  section  for  the  excitation  of  resonant  sodium  atoms, 
whose  excitation  threshold  AE  ^  2.1  eV  is  much  smaller  than 
the  threshold  Ae  ~  6.2  eV  for  exciting  the  electronic  states 
of  nitrogen  molecules.  For  low  vibrational  temperatures,  we 
can  neglect  both  the  lowering  of  the  threshold  for  exciting  the 
molecular  state  via  transitions  from  the  vibrationally 
excited  states  and  the  stepwise  excitation  of  vibra¬ 

tional  levels  from  the  states  with  v  >  1.  Consequently,  under 
the  conditions  [N2]  [Na]  and  Ty  <  0.3  eV  (see  below),  the 
processes  of  exciting  the  electronic  states  of  nitrogen  molecules 
can  be  neglected  compared  with  the  excitation  of  sodium 
atoms.  The  results  of  our  calculations  carried  out  in  the  range 
Ty  >  0.3  eV  should  be  regarded  only  as  estimates  for  the 
electron  mobility. 

We  will  characterize  the  total  population  of  the  resonantly 
excited  doublet  AT*  of  sodium  atoms,  3Pi/2  and  3P3/2,  by  the 
effective  population  temperature  T* 

T*  =  -AE[\n{N*go/Nog*)]~^  (1) 

where  g*  is  the  total  statistic  weight  of  the  doublet  and  No 
and  ^0  are,  respectively,  the  concentration  and  the  statistic 
weight  of  sodium  atoms  in  the  ground  state.  Under  the  con¬ 
ditions  considered  below,  the  concentration  of  inert  gases  in 
the  mixture  exceeds  the  total  concentration  of  admixtures  by 
more  than  three  orders  of  magnitude,  so  that  the  processes  of 
vibrational-translational  exchange  between  N2  molecules  and 
argon  atoms  cause  the  molecular  distribution  over  the  vibra¬ 
tional  levels  of  the  ground  state  to  approach  a  Boltzmann-like 
distribution  with  temperature  Ty  [14].  On  the  other  hand,  the 
electron  impact  excitation  of  N2  molecules  as  well  as  their 
excitation  in  collisions  with  Na(3P)  atoms  can  influence  the 
vibrational  energy  balance.  Consequently,  in  our  calculations, 
Ty  was  regarded  as  one  of  the  input  parameters  (Ty  >  Ta). 
The  gas  temperature  was  varied  in  the  range  450-600  K,  which 
corresponds  to  the  sodium  atom  concentration  in  the  range 
10i2„i0i^  cm"^. 

We  neglected  the  population  of  those  states  of  sodium  atoms 
that  lie  above  the  3P  state  along  the  energy  scale  and  the  popu¬ 
lation  of  the  electronically  excited  states  of  N2  molecules.  This 
model  corresponds  to  the  conditions  for  resonant  optical  excita¬ 
tion  of  the  Na(3S-3P)  transition  in  sodium. 

III.  Calculation  Results 

A.  Effect  of  the  Mixture  Composition  on  the  Electron  Mobility 

1 )  Na~N2-Ar  Mixture:  As  an  example,  Fig.  2  shows  the  re¬ 
duced  electron  mobility  tiN  (where  N  is  the  total  concentration 
of  atoms  and  molecules  in  the  mixture)  and  the  electron  tem¬ 
perature  Te  as  functions  of  the  content  of  nitrogen  in  mixtures 


[N,]/[Na] 

Fig.  2.  Electron  mobility  (dashed  curves)  and  the  electron  temperature  (solid 
curves)  as  functions  of  the  amount  of  nitrogen  in  a  Na-Ar-N2  mixture  at  T*  = 
0.6  eV  and  Ta  —T  —  0.047  eV  for  different  argon  concentrations  [Ar]/[Na] 

=  (1)  10^  (2)  10^  and  (3)  10^ 

with  different  argon  concentrations.  In  the  case  of  a  nonequi¬ 
librium  EEDF,  the  temperature  Tg  is  regarded  as  Tg  =  2(e) /3 
with  (e)  the  mean  electron  energy.  In  calculations  carried  out  for 
T*  0.6  eV  and  Ty  =  Ta  —  500K,  we  neglected  the  effect  of 
Coulomb  collisions  on  the  shape  of  the  EEDF  (this  effect  will  be 
discussed  below).  From  Fig.  2,  we  can  see  that  both  Tg  and  the 
electron  mobility  depend  on  the  content  of  the  mixture  in  a  com¬ 
plicated  manner.  For  sodium  and  argon  in  the  ratio  [Na]/[Ar] 
=  10“^  (curves  1),  increasing  the  nitrogen  concentration  in  the 
mixture  in  the  range  [N2]/[Na]  ^  1  -10  leads  to  a  significant  in¬ 
crease  in  Tg,  which  is  associated  with  the  nonequilibrium  char¬ 
acter  of  the  formation  of  the  EEDF.  In  such  a  mixture,  the  rate 
uovi^)  with  which  the  vibrational  levels  of  nitrogen  molecules 
are  excited  becomes  higher  than  the  rate  of  inelastic  collisions 
with  sodium  atoms  i^ou(^max)  >  i^oi(^max)-  Because  the  cross 
section  for  the  excitation  of  vibrational  levels  decreases  rapidly 
with  the  quantum  number  v,  the  dominant  contribution  to  the 
excitation  rate  UQy{s)  comes  from  collisions  such  that  the  en¬ 
ergy  lost  by  an  electron  during  each  collision  event  is  about  the 
energy  Aeoi  =  0.29  eV  of  the  vibrational  quantum  of  a  mole¬ 
cule.  Because  Aeoi  ^  AE^,  this  effect  reduces  the  total  elec¬ 
tron  energy  losses,  thus,  causing  Tg  to  grow.  The  majority  of 
electrons  displace  toward  the  energy  range  above  the  Ramsauer 
minimum;  this  is  one  of  the  conditions  for  achieving  the  ANC 
effect  [17]. 

In  fact,  from  Fig.  2,  we  can  see  that  at  [N2]/[Na]  ~  (3-50), 
the  electron  mobility  becomes  negative.  The  reason  is  that  the 
EEDF  becomes  inverse  in  the  energy  range  near  the  Ramsauer 
minimum.  The  EEDF  inversion  is  closely  related  to  the  dip  that 
appears  in  the  EEDF  profile  at  an  energy  of  £  ~  2  eV  caused 
by  electron-molecule  collisions.  The  shape  of  the  EEDF  in  the 
vicinity  of  the  point  at  which  the  absolute  value  of  the  negative 
electron  mobility  is  maximum  is  shown  in  Fig.  3  (curve  1).  For 
the  above  composition  of  the  mixture,  fast  electrons  produced  in 
the  course  of  superelastic  collisions  with  excited  sodium  atoms 
relax  toward  the  energy  range  e  <  AE  below  the  threshold, 
caused  primarily  by  the  excitation  of  the  vibrational  levels  of 
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Fig.  3.  EEDF  in  a  Na-Ar-No  mixture  at  (Ar]/[Na]  =  10  ^  (Nij/fNaJ  =  10, 
^  =  0,  =  0.047  cV,  =  O.C  cV  for  (1)  T,,  =  and  E  =  0.  (2) 

r.,  =  0.4  eV  and  E  =  0,  and  (3)  T,  =  T,,  and  E/X  =  0.02  Td:  (4)  the 
left-hand  side  of  inequality  (2)  at  T,,  =  T„  and  E/X  —  0.02  Td. 

nitrogen  molecules.  After  leaving  the  range  c  <  ci  of  the  effi¬ 
cient  vibrational  excitation,  the  electrons  continue  to  relax  but 
because  of  elastic  collisions  with  argon  atoms.  In  the  energy 
range  close  to  the  Ramsauer  minimum,  the  electron  energy  re¬ 
laxation  rate  decreases.  The  probability  for  the  electrons  to  relax 
toward  the  thermal  energy  range  is  low,  because  under  the  con¬ 
ditions  adopted,  the  rate  of  superelastic  collisions  between  elec¬ 
trons  and  excited  sodium  atoms  is  higher  than  the  energy  relax¬ 
ation  rate  caused  by  elastic  collisions 

After  the  electrons  have  undergone  superelastic  collisions,  they 
acquire  their  energy  and,  thus,  return  to  a  higher  energy  range. 
As  a  result,  the  EEDF  becomes  inverse  in  the  range  near  the 
Ramsauer  minimum. 

In  mixtures  with  a  higher  nitrogen  concentration  (at 
[N2]/lNa]  >  50),  the  mean  electron  energy  decreases,  because 
the  electron  energy  relaxation  rate  caused  by  electron-molecule 
collisions  becomes  higher.  Most  of  the  electrons  relax  toward 
the  thermal  energy  range;  so  the  extent  to  which  the  EEDF  is 
inverse  decreases  and  the  electron  mobility  becomes  positive. 

In  mixtures  containing  a  smaller  amount  of  sodium, 
[Na]/[Ar]  =  10“^  (see  curve  2  in  Fig.  2),  the  electron  mobility 
cannot  be  negative,  because  the  relative  concentration  of  the 
excited  sodium  atoms  is  too  low.  In  such  mixtures,  the  condition 
always  holds,  under  which  only  a 
weakly  inverse  EEDF  can  form. 

For  the  electron  mobility  to  become  negative,  not  only 
the  EEDF  should  be  inverse,  but  also  the  inequality 
/i'fr{e)]/de  <  0  with  /v/,.(e)  as  the  transport  fre¬ 

quency  of  elastic  collisions  should  be  satisfied  [17].  In  the 
mixtures  under  consideration,  this  necessary  condition,  which 
holds  only  for  such  profiles  of  the  transport  cross  sections 
that  are  peculiar  to  heavy  inert  gases  in  the  range  e  > 
sets  a  limit  on  the  maximum  possible  amount  of  sodium  and 


Fig.  4.  Isocontours  of  the  reduced  electron  mobility  fiN  (in  V" ' 

cm“’s~D  in  a  Na-Kr-N-  mixture  at  ^  =  0  and  T„  =  T„  =  0.047  eV:  the 
solid  curves  were  calculated  for  T"  =  1  eV,  and  the  dashed  curve  corresponds 
to  fiX  =  0  at  T'  =1.2  cV. 

nitrogen  admixtures  for  which  the  electron  mobility  can  be 
negative.  In  a  Na-N2-Ar  mixture,  this  condition  fails  to  hold 
when  [Na]/[Ar]  >  because,  in  the  range  e  ^  emim  the 

dominant  contribution  to  the  total  transport  collision  frequency 
comes  from  collisions  between  electrons  and  sodium  atoms. 
In  a  mixture  with  the  above  composition,  the  EEDF  inversion 
is  pronounced,  which  causes  the  electron  mobility  to  become 
lower  than  that  in  the  case  of  an  equilibrium  distribution  whose 
temperature  is  determined  from  the  energy  balance  equation 
for  an  electron  gas.  However,  curve  3  in  Fig.  2  shows  that  under 
conditions  at  hand,  the  ANC  effect  cannot  be  achieved. 

2)  Na-N2-Kr  Mixture:  Fig.  4  displays  an  isogram  of  the  re¬ 

duced  electron  mobility  as  a  function  of  the  mixture  composi¬ 
tion  for  T*  =  1  eV  and  7),  =  —  O.OdT  eV.  We  can  see  that 

according  to  our  model,  in  a  three-component  Na-N2-Kr  mix¬ 
ture,  a  region  exists  in  which  the  electron  mobility  can  become 
negative.  However,  this  region  is  too  small,  so  in  the  figure  it 
looks  like  a  point  with  the  coordinates  IgCfN^l/fNal)  ^  1  and 
lg([Kr]/fNa])  ~  3.5.  An  increase  in  the  population  of  excited 
atoms  makes  it  possible  to  achieve  //.  <  0  in  mixtures  in  which 
the  relative  amount  of  admixtures  can  be  varied  in  a  wider  range. 
Consequently,  adding  nitrogen  to  mixtures  in  which  krypton  is 
used  as  a  buffer  gas  leads  to  a  fundamentally  new  result,  because 
in  two-component  mixtures  containing  .sodium,  the  electron  mo¬ 
bility  cannot  be  negative.  The  reason  is  that  in  the  presence  of 
nitrogen  admixtures,  the  EEDF  inversion  becomes  more  pro¬ 
nounced. 

3)  Nci-No-Xe  Mixture:  Fig.  5  presents  an  isogram  of  the  re¬ 
duced  electron  mobility  as  a  function  of  the  mixture  composi¬ 
tion  for  T*  =  1  eV  and  1],  =  Tr  =  0.047  eV.  We  can  see  that  it 
is  possible  to  achieve  negative  electron  mobility  in  mixtures  in 
whichthe  relative  amount  of  admixtures  can  be  varied  in  a  wider 
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Fig.  5.  Isocontours  of  the  reduced  electron  mobility  (J,N  (in  10^^ 
V”^cm“^s“^)  in  a  Na-Xe~N2  mixture  at  ^  =  0,  =  0.047  eV,  and 

T*  =  1  eV. 

range  in  comparison  with  the  Na-N2-Kr  mixture,  because  the 
elastic  scattering  cross  sections  for  xenon  are  several-fold  larger 
than  those  for  krypton.  Consequently,  in  mixtures  for  which  the 
condition  /iytr{^)]/de  <  0  holds,  the  total  concentration 
of  nitrogen  and  sodium  can  be  substantially  increased.  Because, 
in  such  mixtures,  the  formation  of  a  nonequilibrium  EEDF  is 
governed  by  collisions  of  electrons  with  nitrogen  molecules  and 
excited  sodium  atoms,  the  EEDF  inversion  becomes  more  pro¬ 
nounced  in  the  energy  range  around  the  Ramsauer  minimum. 
As  a  result,  in  the  Na-N2-Xe  mixture,  the  region  in  which  the 
electron  mobility  can  be  negative  becomes  less  sensitive  to  the 
choice  of  the  relative  amount  of  admixtures  compared  with  the 
case  of  a  Na-N2“Kr  mixture. 

Our  calculations  show  that,  in  all  of  the  mixtures  under  study, 
the  region  in  which  it  is  possible  to  achieve  negative  electron 
mobility  narrows  as  T*  decreases.  In  this  connection,  it  is  im¬ 
portant  to  determine  the  critical  values  of  the  internal  plasma 
parameters  at  which  the  ANC  effect  can  be  observed. 

IV.  Critical  Values  of  the  Mixture  Parameters 
A.  Populations  of  the  Excited  States  of  Atoms  and  Molecules 

Fig.  6  presents  the  calculated  mobility  pN  as  a  function  of 
T*  and  Ty  for  a  Na-N2-Ar  mixture.  The  relative  amount  of  the 
components  in  the  mixture  corresponds  to  the  maximum  abso¬ 
lute  value  of  the  negative  electron  mobility  in  Fig.  1.  It  is  seen 
that  the  critical  population  temperature  for  which  the  electron 
mobility  in  the  indicated  weakly  ionized  mixture  =  0)  can 
be  negative  is  T*^  ~  0.48  eV,  which  corresponds  to  such  rel¬ 
ative  populations  of  Na(3P)  atoms  that  are  an  order  of  magni¬ 
tude  lower  than  those  in  a  two-component  Na-Ar  mixture  [1]. 
A  further  increase  in  T*  raises  the  absolute  value  of  the  negative 


Fig.  6.  Isocontours  of  the  reduced  electron  mobility  fiN  (in  10^^ 
V“^cm"^s“^)  as  a  function  of  T*  and  in  a  Na-Ar-N2  mixture  at 
[Ar]/[Na]  =  10^  [NsMNa]  =  10,  ^  ^  0,  and  T,  0.047  eV. 

electron  mobility.  However,  in  the  range  T*  >  0,6  eV,  the  ab¬ 
solute  value  of  the  negative  electron  mobility  begins  to  decrease 
at  Ty  ~Ta,  because  the  range  in  which  the  EEDF  inversion  is 
maximum  starts  to  displace  from  the  vicinity  of  the  Ramsauer 
minimum  toward  the  range  e  >  £rnin>  in  which  the  cross  section 
for  electron  scattering  in  elastic  collisions  is  an  increasing  func¬ 
tion.  This  circumstance  sets  an  upper  bound  on  the  range  of  T* 
in  which  the  absolute  value  of  the  negative  electron  mobility  is 
maximum  <  -1). 

Fig.  6  also  shows  that,  for  each  temperature  T*  >  T*^,  a  crit¬ 
ical  vibrational  temperature  exists  <  T*  above  which  the 
electron  mobility  cannot  be  negative.  To  explain  this  result,  we 
turn  to  Fig.  2,  in  which  curve  2  illustrates  the  EEDF  calculated 
at  Tv  =  0.4  eV  and  T*  =  0.6  eV.  We  can  see  that  an  increase  in 
Ty  leads  to  an  increase  in  the  number  of  electrons  in  the  range 
^  ^  ^max  caused  by  superelastic  collisions  with  vibrationally 
excited  molecules.  This,  in  turn,  raises  the  electron  flux  into  the 
thermal  energy  range  caused  by  inelastic  collisions  of  electrons 
with  sodium  atoms.  As  a  result,  in  the  range  around  the  Ram¬ 
sauer  minimum,  the  EEDF  inversion  disappears,  and  the  elec¬ 
tron  mobility  becomes  positive. 

In  mixtures  in  which  krypton  and  xenon  were  used  as  a  buffer 
gas,  the  electron  mobility  as  a  function  of  T*  and  Ty  was  found 
to  behave  in  a  similar  manner.  Here,  we  present  the  critical 
values  of  the  parameters  only  for  mixtures  whose  composition 
corresponds  to  the  maximum  absolute  value  of  the  negative  elec¬ 
tron  mobility  in  Figs.  4  and  5.  In  Na-N2-Kr  and  Na-N2-Xe 
mixtures,  the  critical  populations  of  excited  sodium  atoms  cor¬ 
respond  to  T*y  1.0  eV  and  T*^  --  0.8  eV,  respectively. 
Recall  that  in  mixtures  containing  xenon,  the  EEDF  inversion 
is  most  pronounced  and,  consequently,  the  electron  mobility 
can  be  negative  in  a  wider  parameter  range  in  comparison  with 
krypton-containing  mixtures. 
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Fig.  7.  Isocontoum  of  Ihc  reduced  electron  mobility  fiX  (in  K)--^ 
V“^cm“^s“^)  a.s  a  function  of  the  degree  of  ionization  ii,  /X  and  of  the 
reduced  electric  field  E/X  in  a  Na-Ar-N-  mixture  at  [Arl/[Nal  =  8.3  x  10 f 
[Nol/INa]  =  3.3  X  1()\  =  1  eV.  and  T„  =  T,.  =  0.047  eV. 

B.  Critical  Degree  of  lonizxition  and  Critical  Electric  Field 

In  order  to  address  the  ANC  effect  experimentally,  it  is  neces¬ 
sary  to  determine  the  critical  degree  of  ionization  and  the  critical 
electric  field.  On  the  one  hand,  the  electron  concentration  acts 
to  increase  the  plasma  conductivity  a  —  E/N),  where 

e  is  the  electron  charge  and  is  the  electron  concentration.  On 
the  other  hand,  it  is  well  known  fl^l  that  the  electron-electron 
collisions  tend  to  make  the  EEDF  Maxwellian  and.  hence,  to 
destroy  the  effect  of  negative  electron  mobility.  An  increase  in 
the  reduced  electric  field  raises  the  diffusion  in  energy  space, 
thus,  reducing  the  EEDF  inversion.  Because  the  above  analysis 
has  revealed  that  the  effect  of  negative  electron  mobility  is  most 
pronounced  in  mixtures  with  argon  and  xenon,  we  will  focus 
on  a  comparison  of  these  mixtures.  We  consider  the  mixtures 
whose  composition  corresponds  to  the  points  at  which  the  ab¬ 
solute  value  of  the  negative  electron  mobility  is  maximum  at 
T*  1  eV  and  T,  =  T„  0.017  eV. 

Fig.  7  shows  the  calculated  electron  mobility  as  a  function  of 
the  degree  of  ionization  and  of  the  electric  field  strcngtli  in  a 
Na-N2-Ar  mixture.  The  electron  mobility  becomes  negative  at 
<  10“^^.  An  increase  in  T*  causes  to  grow.  This  fol¬ 
lows  from  an  order-of-magnitude  estimate  for  which  can 
be  obtained  from  the  approximate  equality  between  the  elec¬ 
tron-electron  collision  frequency  and  the  superclastic  collision 
frequency  at  the  Ramsauer  minimum,  /A  r(fmin)  ~ 

In  a  three-component  mixture,  at  T*  =  1 .3  eV,  is  about  two 
orders  of  magnitude  higher  than  that  in  a  Na-Ar  mixture. 

An  order-of-magnitude  estimate  for  the  critical  electric  field 
strength  can  be  obtained  from  the  condition  that  the  electric  field 
weakly  affects  the  mean  electron  energy,  v.EX{e,,^n,)  ~ 

[18],  where  A(e)  is  the  electron  mean  free  path.  Making  the 
EEDF  inversion  more  pronounced  by  means  of  nitrogen  admix¬ 


E/N,  O.OlTd 


Fig.  8.  Isocontoiirs  of  the  reduced  elceiron  niobiiiiy  //A'  (in  10“’ 
V  ’cnr  ’s“’)  as  a  function  of  the  degree  of  ionization  a,  (X  and  of  the 
reduced  electric  field  Ej X  in  a  Na-Xe“N2  mixture  at  [Xel/|Nal  =  1.8  x  10  ’, 
[Njl/fNa]  =  13.  r  rr  1  eV.  and  T„  T,  =  O.O  JT  eV. 

tures  allows  the  critical  electric  field  strength  to  be  increased  by 
almost  an  order  of  magnitude  compared  to  that  in  a  two-com¬ 
ponent  mixture  f  I ]. 

Fig.  8  displays  an  isogram  of  the  electron  mobility  in  a 
Na-No-Xe  mixture.  We  can  see  that  for  the  same  ^  and  E/N , 
the  electron  mobility  in  the  xenoncontaining  mixture  is  almost 
an  order  of  magnitude  lower  than  that  in  the  mixture  containing 
argon.  The  reason  is  that  in  the  first  mixture,  the  transport  cross 
section  at  r.uin  is  almost  an  order  of  magnitude  larger  than  that 
in  the  mixture  with  argon.  This  also  explains  why  the  critical 
electric  field  strength  in  a  Na-N2-Xe  mixture  is  larger  than 
that  in  a  Na-N2-Ar  mixture  by  a  factor  of  20. 

Fig.  8  also  shows  that  the  critical  degree  of  ionization  in  the 
mixture  with  xenon  is  higher  than  that  in  the  argon-containing 
mixture  by  a  factor  of  50.  This  stems  from  the  following  two 
circumstances. 

1)  Because  the  elastic  scattering  cross  section  for  xenon  is 

large,  it  is  possible  to  use  mixtures  with  a  relatively  high 
concentration  of  sodium  atoms,  and  the  criterion  for  the 
formation  of  an  inverse  EEDF,  f  is 

valid  for  high  degrees  of  ionization. 

2)  In  mixtures  with  xenon,  the  energy  corresponding  to  the 
Ramsauer  minimum  is  higher  than  that  in  mixtures  with 
argon.  Because  the  Coulomb  collision  cross  section  de¬ 
creases  in  inverse  proportion  to  the  squared  energy,  this 
criterion  is  valid  for  high  electron  concentrations. 

Hence,  in  mixtures  containing  sodium  vapor  and  molecular 
nitrogen,  the  use  of  xenon  (instead  of  argon)  as  a  buffer  gas 
makes  it  possible  to  achieve  the  ANC  effect  over  a  significantly 
wider  range  of  parameters.  A  similar  conclusion  was  drawn  in 
119]  in  analyzing  the  proccs.ses  of  formation  of  the  EEDF  in 
pure  inert  gases:  it  was  shown  that  in  mixtures  with  xenon,  the 
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effect  of  differential  negative  conduction  can  be  achieved  for 
larger  values  of  ^  and  EjN  compared  with  argon-containing 
mixtures. 

In  our  study,  we  use  a  two-term  decomposition  of  the  EEDF 
in  Legendre  polynomials.  The  question  of  how  the  above  elec¬ 
tric  field  strengths  affect  the  applicability  range  of  this  decom¬ 
position  requires  separate  consideration.  Generally,  this  ques¬ 
tion  is  tackled  by  comparing  the  results  from  calculations  of  the 
EEDF  and  electron  mobility  carried  out  in  a  two-term  approxi¬ 
mation  with  those  obtained  with  allowance  for  higher  order  Le¬ 
gendre  polynomials  or  with  the  Monte  Carlo  simulation  results 

[20] .  Here,  we  restrict  ourselves  to  checking  the  general  crite¬ 
rion  for  the  applicability  of  the  two-term  decomposition  at  arbi¬ 
trary  values  of  the  energy.  This  criterion,  which  was  derived  in 

[21] ,  has  the  form  [22] 


mvl‘Je)  \fe 
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Fig.  3  shows  the  EEDF  and  the  left-hand  side  of  (2),  both 
calculated  E/N  >  {E/N)cr  for  argon  and  drawn  to  an 
enlarged  scale  (500: 1).  The  quantitative  criterion  (2)  is  seen 
to  be  satisfied  just  in  the  range  in  which  the  EEDF  is  inverse; 
consequently,  the  two-term  approximation,  which  was  used  to 
calculate  the  EEDF  and  to  analyze  the  possibility  for  achieving 
negative  electron  mobility,  is  valid  under  the  conditions 
adopted  here.  This  results  agrees  with  the  qualitative  criterion 
eEX{e)/2e  <  1  [22]  for  the  applicability  of  the  two-term 
approximation.  According  to  this  criterion,  the  energy  acquired 
by  an  electron  in  an  electric  field  over  a  distance  equal  to  the 
mean  free  path  should  be  lower  than  the  energy  of  the  electron. 
This  criterion  is  less  stringent  than  is  the  quantitative  criterion, 
which  reflects  the  influence  of  the  electric  field  on  the  mean 
electron  energy,  except  in  the  thermal  energy  range  e  <C  Ta. 
However,  the  contribution  from  the  thermal  electron  species  to 
the  integral  electron  mobility  is  small. 

The  accomplished  parametric  calculations  just  indicate  the 
range  of  the  relative  content  of  the  mixture  components  when 
the  effect  of  negative  mobility  may  be  realized.  The  absolute 
values  of  the  concentrations  are  determined  by  gas  temperature 
of  the  mixture  (Ta),  which  denounce  the  alkaline  density  as  a 
function  of  metal  vapor  pressure.  The  actual  value  of  Ta  shall 
be  chosen  from  the  conditions  of  the  concordance  of  the  crit¬ 
ical  population  of  the  excited  atoms  (T*)  and  ionization  degree 
of  the  media  derived  from  the  mobility  calculations.  Ionization 
degree  of  the  plasma  should  be  determined  from  the  kinetics  of 
ionization  and  recombination. 

Let  us  carry  out  the  qualitative  analysis  of  the  problem  for  the 
Na  -h  N2  +  Ar  mixture.  To  make  the  estimations,  let  us  accept 
T*  =  0.6  eV  by  the  relative  density  of  the  mixture  components 
([N2]/[Na(3S)]=  13;  [Ar]/[Na(3S)]=  4.2-104;^er  =  2-10-11). 
Under  these  conditions,  the  maximum  absolute  value  of  the  neg¬ 
ative  mobility  is  realized  if  the  influence  of  interelectron  impact 
on  EEDF  shape  is  neglected.  The  first  problem  to  consider  is  a 
basic  mechanism  of  ionization.  To  recover  it,  the  computations 
were  made  of  the  direct  ionization  rate  by  electron  impact  from 
the  ground  state  Na(3S)  and  resonant-excited  state  Na(3P),  em¬ 
ploying  the  cross-sections  data  from  [23].  The  corresponding 


ionization  rates  turned  out  to  be  ki^  35  =  3.3  x  10"^^  cm^/s  and 
ki^sp  —  7.7  X  10"^^  cm^/s.  This  result  proves  that  the  ioniza¬ 
tion  flow  from  the  resonant  excited  state  ji  —  [Na(3P)]  is 

for  an  order  of  magnitude  greater  than  the  one  from  the  ground 
state  ji  ”  ki^  3s  [Na(3S)].  The  influence  of  nitrogen  admixture 
leads  to  the  fact  that  the  corresponding  ionization  rates  get  con¬ 
siderably  lower  than  those  for  the  two-component  mixture  [1]. 

It  shall  be  notified  that  the  impact  ionization  produces  the 
electrons  in  the  low-energy  region,  which  diminish  the  inver¬ 
sion  on  the  EEDF.  At  the  same  time,  this  flow  is  for  two  orders 
of  magnitude  smaller  than  the  flow  caused  by  the  first  the  kind 
of  collisions  Na(3S)+  e— ^Na(3P)  -h  e  (k^s^sp  =  1-3  x  10“^ 
cm^/s — process  rate);  consequently,  it  cannot  significantly  af¬ 
fect  EEDF  shape.  As  result,  we  can  neglect  the  influence  of  the 
ionization  processes  on  the  electron  mobility. 

Under  considered  conditions,  the  time  of  EDDF  formation  is 
determined,  basically,  by  the  excitation  of  nitrogen  molecules 
and  the  second  kind  of  collisions  with  excited  atoms  (k^p^  35  ~ 
10"^  cm^/s).  The  efficiency  of  these  processes  are  superior  over 
the  efficiency  of  the  ionization  collisions.  The  rate  values  indi¬ 
cate  that  the  characteristic  time  of  EEDF  formation  is  smaller 
than  is  ionization  time.  It  makes  it  principally  possible  to  re¬ 
alize  the  transient  effect  of  negative  mobility,  when  the  relevant 
ionization  degree  of  the  mixture  (produced  by  the  initial  ioniza¬ 
tion  pulse,  for  example)  is  superimposed  at  the  definite  moment 
by  the  resonant  exciting  radiation,  forming  the  required  reso¬ 
nant  atoms  density.  The  duration  of  negative  mobility  existence 
in  this  case  will  be  determined  by  the  time  over  which  the  crit¬ 
ical  ionization  degree  of  the  media  is  sustained. 

The  ionization  rate  of  alkali  atoms  under  conditions  of  laser 
saturation  of  a  resonant  transition  was  considered  in  [24].  It  was 
shown  that  within  the  ionization  dynamics,  a  certain  “interme¬ 
diate  phase”  exists  when  the  ionization  by  electron  impact  from 
the  resonant  state  is  a  basic  mechanism  of  ionization.  For  pure 
metal  vapors,  this  phase  is  unstable,  but  because  of  bum  out  ion¬ 
ization,  it  turns  into  the  state  with  the  high  ionization  degree 
when  the  major  ionization  mechanism  is  stepwise  ionization 
from  the  high  laying  states.  The  duration  of  the  transient  phase 
depends  on  laser  irradiance  and  on  the  initial  density  of  metal 
vapor.  The  analysis  of  buffer  gas  influence  performed  in  some 
following  works  took  into  account,  mostly,  the  energy  losses  in 
electron  energy  balance  and  described  the  corresponding  slow¬ 
down  of  the  ionization  rate  [25].  To  find  out  if  the  stable  state 
can  be  realized  while  T*  >  T*^  by  low  ionization  degree,  we 
need  to  perform  a  detailed  analysis  of  recombination  processes 
involving  molecules  and  atoms  of  the  buffer  gas. 

The  recombination  process  is  greatly  determined  by  the 
quenching  of  Rydberg  state  atoms.  Using  the  quenching 
cross  sections  from  [26],  we  carried  out  the  computations  of 
a  three-body  recombination  rate  within  the  model  of  mod¬ 
ified  diffusion  approximation  [14].  The  calculation  results 
showed  that  the  “bottle-neck”  for  the  recombination  flow  is 
formed  by  the  states  paced  about  Er  ~  (2  3)Ta  from  the 
continuum.  It  was  also  proven  that  the  radiation-collision 
recombination  caused  by  quenching  of  sodium  excited  states 
by  argon  cannot  counterbalance  direct  ionization  by  electron 
impact  by  [Ar]  <  10^^  cm“^.  The  same  is  true  for  the  mixture 
with  xenon  as  a  buffer  gas.  The  ionization  flow  in  this  case 
can  be  counterbalanced  by  three-body  recombination  when 
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electron  plays  the  role  of  the  third  body.  Consequently,  the 
recombination-ionization  equilibrium  may  be  realized  by  a 
high  ionization  degree  of  metal  vapor;  EEDF  in  this  case  has  a 
Maxwellian  shape.  The  charged  particles  balance  under  these 
conditions  was  considered  in  [27],  for  example. 

The  presence  of  nitrogen  in  the  mixture  can  accelerate  con¬ 
siderably  the  recombination  of  charged  particles  [14].  The  first 
reason  is  the  multiquantum  change  of  the  state  of  excited  atom 
caused  by  the  quenching  followed  by  the  excitation  of  vibration 
states.  The  second  reason  is  the  efficient  formation  of  molecular 
ions  in  plasma-containing  nitrogen,  (for  example,  NaNj  with 
binding  energy  ~0.33  eV)  [28],  followed  by  the  dissociative 
recombination,  which  can  significantly  affect  electron  balance. 
Discussing  the  experimental  results  for  the  Cs+  N2  mixture  in 
[28],  the  authors  came  to  the  conclusion  that  the  dissociative 
recombination  of  CsNJ  ions  has  a  major  influence  on  charged 
particle  losses.  The  experimental  results  on  the  recombination 
in  Na  +  N2  mixture  [29]  available  at  the  moment  show  a  com¬ 
plicated  dependence  of  plasma  decay  rate  on  the  component  rel¬ 
ative  concentration  and  allow  just  a  qualitative  interpretation. 

Let  us  make  some  estimations  to  clear  out  the  role  of  dissocia¬ 
tive  recombination  in  charged  particles  balance,  taking  NaNj" 
ions  as  an  example.  The  ion  composition  of  the  plasma  will 
be  determined  by  molecular  ions,  if  atomic  ions  formation  is 
counteracted  by  the  process  of  their  conversion  into  molecular 
ones  fc.,:^3p[Na(3P)]??,f.  ~  n{r[N2]  •  [Ar]  •  ??  +  ,  where  is  the 
conversion  constant.  Using  the  data  from  [30]  on  N2  and  Ar 
polarization,  we  have  got  ~  9  •  10“^^(300/T^)^/^  cm^/s. 
It  means  that  by  [Ar]  ~  7-10^^  cm“^,  the  molecular  ions 
form  the  majority.  This  corresponds  [3 1  ]  to  mixture  temperature 
Ta  =  500K.  We  can  derive  an  approximate  value  of  a  direct  dis¬ 
sociative  recombination  rate  az)/?,  which  counterbalances  the 
direct  ionization  from  the  resonant  excited  states,  in  accordance 
to  the  equation  aDj^nen2  —  3p[Na(3P)]7i(,,  where  molec¬ 

ular  ions  concentration  ^7ir.  by  Ta  >  5()0K.  The  estimation 
gives  a  OR  >  2  •  10^  cm“^/s.  The  obtained  value  is  possible  for 
the  complex  ions  [30]. 

It  is  well  known  [14]  that  an  effective  dissociative  recombi¬ 
nation  leading  to  the  population  of  the  high-laying  excited  state 
does  not  obligatory  mean  complete  recombination.  The  recom¬ 
bination  flow  gets  into  the  low-laying  states,  only  if  the  dis¬ 
sociative  recombination  populates  the  states  situated  below  the 
“bottle  neck”  of  the  radiation-collision  recombination.  In  the 
opposite  case,  the  part  of  the  dissociative  recombination  flow 
returns  to  the  continuum  because  of  impact  ionization  from  the 
excited  states.  It  means  the  recombination-ionization  equilib¬ 
rium  may  be  reached  by  a  rather  high  electron  concentration. 
Consequently,  within  this  problem,  a  very  important  question  is 
which  particular  states  are  populated  by  the  dissociative  recom¬ 
bination  of  molecular  ions?  The  data  of  this  kind  are  not  avail¬ 
able  at  the  moment.  As  a  result,  to  answer  if  ANC  effect  may 
be  realized  in  stationary  conditions,  we  need  to  study  in  detail 
recombination  processes  in  three-components  mixtures. 

V.  Conclusion 

We  have  shown  that  in  mixtures  containing  molecular  ni¬ 
trogen,  the  EEDF  inversion  is  more  pronounced  in  the  energy 
range  corresponding  to  the  Ramsauer  minimum  in  the  cross  sec¬ 
tion  for  elastic  collisions  between  the  electrons  and  the  atoms  of 
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heavy  inert  gases.  The  addition  of  molecular  nitrogen  makes  the 
parameter  range  that  is  favorable  for  achieving  the  ANC  effect 
in  a  three-component  plasma  wider  than  that  in  two-component 
mixtures  of  alkaline  metals  with  heavy  inert  gases.  The  crit¬ 
ical  population  of  resonantly  excited  sodium  atoms  decreases 
by  an  order  of  magnitude,  the  critical  degree  of  ionization  in¬ 
creases  by  two  orders  of  magnitude,  and  the  ANC  effect  can 
be  achieved  at  larger  electric  field  strengths  compared  with  the 
case  of  two-component  mixtures.  The  presence  of  nitrogen  in 
the  mixture  decreases  the  rate  of  the  direct  ionization  via  elec¬ 
tron  impact  and  can  accelerate  considerably  the  recombination 
of  charged  particles. 

In  mixtures  whose  composition  satisfies  the  inequalities 

(^innx )  ^  ^^01  ('^niax)  UUd  U  ^  ihe 

parameter  range  in  which  the  electron  mobility  can  be  negative 
is  less  sensitive  (in  comparison  with  the  case  of  a  two-com¬ 
ponent  Na-Ar  mixture)  to  variations  in  the  elastic  collision 
cross  sections  for  heavy  inert  gases.  Also,  it  depends  weakly 
on  variations  in  the  shape  of  the  profile  of  the  excitation  cross 
section  in  the  near-threshold  energy  range  for  the  resonant 
transition  in  sodium.  Varying  all  of  these  cross  sections  and  the 
absolute  value  of  the  cross  section  for  exciting  the  vibrational 
levels  of  nitrogen  molecules  in  the  range  20%-40%  only  leads 
to  a  corresponding  change  in  the  mixture  composition  for 
which  the  absolute  value  of  the  negative  electron  mobility  is 
maximum. 

Our  calculations  have  shown  that  the  shape  of  the  EEDF  and 
the  value  of  the  negative  electron  mobility  are  strongly  influ¬ 
enced  by  the  processes  of  the  stepwise  excitation  of  sodium 
atoms  from  the  3P  state,  predominantly  by  transitions  to  the 
nearest  4S  and  3D  states,  which  have  the  largest  excitation  cross 
sections.  The  stepwise  excitation  increases  the  electron  flux  into 
the  energy  range  e  <  which  reduces  the  EEDF  inversion. 
According  to  our  calculations,  the  extent  to  which  the  EEDF  is 
inverse  depends  on  both  the  stepwise  excitation  cross  sections 
(which  were  determined  with  limited  accuracy,  especially  in  the 
near-threshold  energy  range)  and  the  populations  of  the  4S  and 
3D  states. 

Using  the  model  in  which  the  plasma  is  regarded  as  a 
self-consistent  system  would  allow  us  to  thoroughly  analyze 
how  the  shape  of  the  EEDF  is  influenced  by  both  the  stepwise 
excitation  processes  and  the  consistency  between  the  critical 
degrees  of  ionization  and  the  temperatures  corresponding  to 
molecular  distributions  over  vibrational  levels,  on  the  one 
hand,  and  the  critical  populations  of  resonantly  excited  sodium 
atoms,  on  the  other  hand.  Along  with  the  free  electron  kinetics 
examined  above,  this  model  should  include  the  vibrational-level 
molecular  distributions  and  the  kinetics  of  the  excited  sodium 
atoms,  which  makes  it  possible  to  determine  the  ionization 
and  recombination  rate  constants  in  a  plasma.  However,  this 
problem  requires  a  separate  study. 
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Feasibility  Study  on  Frozen  Inert  Gas  Plasma 

MHD  Generator 

Hiromichi  Kobayashi  and  Yoshihiro  Okuno 


Abstract — The  feasibility  of  a  magnetohydrodynamics  (MHD) 
generator  with  frozen  inert  gas  plasma  (FIP)  is  examined  nu¬ 
merically.  The  FIP  is  produced  by  pre-ionizing  helium  of  inert 
gas  without  alkali  metal  seed  at  the  generator  inlet.  Because  the 
three-body  recombination  coefficient  of  helium  ions  is  low  at  the 
electron  temperature  more  than  5000  K,  the  ionization  degree 
of  inert  gas  is  kept  almost  constant  in  the  entire  region  of  the 
generator  channel  and  the  relation  between  the  electron  temper¬ 
ature  and  the  electron  number  density  deviates  from  the  Saha 
equilibrium.  In  a  small-scale  disk-shaped  generator,  the  enthalpy 
extraction  ratio  of  22.7%  and  the  isentropic  efficiency  of  54.8% 
are  obtainable  for  the  load  resistance  of  3.0  U  and  magnetic  flux 
density  of  4  T  under  the  pre-ionization  degree  of  4.79  x  10“®. 
The  auxiliary  power  to  sustain  the  prc-ionized  plasma  corre¬ 
sponds  to  about  2%  of  the  thermal  input.  For  high-magnetic  flux 
density,  the  generator  performance  can  be  improved  as  well  as  a 
conventional-seeded  plasma  MHD  generator. 

Index  Terms — Frozen  inert-gas  plasma,  MHD  power  generation, 
nonequilibrium  plasma,  r-9  two-dimensional  numerical  simula¬ 
tion. 


I.  Introduction 

A  magnetohydrodynamics  (MHD)  power  generation  di¬ 
rectly  converts  the  enthalpy  of  a  high-temperature  gas 
of  about  2000  K  to  electric  energy  by  applying  a  magnetic 
field  to  high-velocity  plasma  flow.  To  realize  the  high-energy 
conversion  efficiency,  a  high  electrical  conductivity  in  the 
working  medium  is  required,  and  for  this  purpose,  a  small 
amount  of  seed  material  is  injected  to  the  working  gas.  As 
the  seed  material,  in  general,  an  alkali  metal  or  an  alkali 
metal  composition  is  used  for  a  closed-cycle  MHD  power 
generation  with  inert  gas  or  for  an  open-cycle  MHD  power 
generation  with  combustion  gas,  respectively.  It  is  well  known 
in  the  closed-cycle  MHD  generation  that  the  nonequilibrium 
plasma  with  full  ionization  of  seed  material,  such  as  cesium 
and  potassium,  provides  a  high  generator  performance  [l]-[3]. 
Thus,  the  electron  temperature  in  the  range  from  4000  K  to 
8000  K  is  suitable  when  helium  is  used  as  the  working  gas, 
because  ionization  instabilities  attributed  to  seed  and  inert  gas 
partial  ionization  are  not  caused  and  steady  and  uniform  plasma 
is  realized  [4].  In  the  nonequilibrium  seeded  plasma  above, 
the  electron  number  density  can  be  under  the  regime  of  Saha 
equilibrium  at  the  electron  temperature. 
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The  closed-cycle  MHD  power  generation  with  the  nonequi¬ 
librium-seeded  plasma  is  attractive,  and  in  fact,  the  high-power 
generation  has  been  successfully  demonstrated  with  several  ex¬ 
perimental  facilities  [5]-[7].  The  ionization  of  seed  material 
provides  the  sufficient  electrical  conductivity  even  under  less 
Joule  dissipation.  From  the  viewpoint  of  the  system  operation, 
however,  the  injection  and  removal  of  the  seed  material  can  be 
one  of  the  key  techniques  for  a  future  commercial  plant.  Further¬ 
more,  the  seed  material  should  be  injected  uniformly  in  time  and 
space,  and  the  fraction  should  be  controlled  precisely. 

As  another  candidate,  a  closed-cycle  MHD  power  generation 
with  nonequilibrium  plasma  without  alkali  metal  seed  can  be 
offered.  In  fact,  the  concept  of  MHD  generator  working  on  the 
nonequilibrium  ionization  of  pure  inert  gas  has  been  already 
proposed  and  examined  in  Russia  [8],  [9].  This  concept  is  based 
on  the  fact  that  the  three-body  recombination  coefficient  of  inert 
gas  ions  is  low  at  the  electron  temperature  >  5000  K  be¬ 
cause  of  the  specific  structure  of  the  electronic  level.  Under  this 
condition,  the  frozen  inert  gas  plasma  (FIP)  is  realized  because 
the  ionization  degree  of  inert  gas  is  maintained  almost  constant 
in  the  generator  channel.  For  this  kind  of  generator,  the  perfor¬ 
mance  is  affected  mainly  by  the  inlet  electron  number  density 
(or  electron  temperature),  and  in  order  to  obtain  the  high  elec¬ 
tron  number  density  at  the  generator  inlet  where  the  electron 
temperature  is  about  10000  K,  a  pre-ionization  of  inert  gas  is 
inevitable. 

There  can  be  two  types  of  the  FIP-MHD  power  generation. 
One  is  the  system  of  the  “P-layers”  (conducting  plasma  clots),  in 
which  the  inert  gas  is  pulse-periodically  pre-ionized  [10],  [11]. 
The  plasma  as  current  layer  turns  to  be  slowly  recombining, 
and  the  high  concentration  of  electrons  remains  in  it  when  the 
plasma  layer  passes  through  the  MHD  channel.  Thus,  the  elec¬ 
tron  number  den.sity  is  higher  than  that  expected  from  the  Saha 
equilibrium  at  the  electron  temperature.  This  pulse-periodically 
pre-ionized  plasma  can  be  suitable  for  the  power  generation 
with  a  linear-shaped  MHD  generator,  because  the  plasma  clots 
can  act  as  “pistons”  [12].  Another,  which  is  suitable  for  a  disk¬ 
shaped  MHD  generator,  is  the  system  of  continuously  produced 
FIP  [9],  [13].  If  the  uniform  pre-ionization  in  time  and  space  at 
the  generator  inlet  is  possible  and  the  FIP  is  maintained  in  the 
generator  channel,  the  generator  with  performance  comparable 
to  a  conventional-seeded  plasma  MHD  generator  is  feasible.  In 
the  disk  generator,  in  comparison  with  the  linear  generator,  the 
FIP  may  be  maintained  more  successfully,  because  the  influ¬ 
ence  of  voltage  drop  near  electrodes,  which  collapses  the  plasma 
easily,  is  considered  to  be  negligible.  It  is  obvious  here  that  as 
a  compensation  for  the  elimination  of  seed  material,  the  inlet 
plasma  condition  should  be  controlled  preci.sely,  and  the  auxil- 
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iary  electric  power  to  produce  the  pre-ionized  plasma  is  neces¬ 
sary. 

In  the  present  study,  the  feasibility  of  an  FIP  disk  MHD  gen¬ 
erator  is  examined  with  t-6  two-dimensional  (2-D)  numerical 
simulation.  This  2-D  code  has  been  successfully  used  for  the 
explanation  of  the  plasma  behavior  and  the  performance  of  a 
conventional-seeded  plasma  MHD  generator  [14].  The  effects 
of  the  pre-ionization  degree  of  inert  gas,  the  load  resistance  and 
the  magnetic  flux  density  on  the  plasma  structure,  and  the  gen¬ 
erator  performance,  such  as  the  enthalpy  extraction  ratio  and 
isentropic  efficiency,  are  revealed. 


Te  [K] 


II.  Basic  Equations  and  Numerical  Procedures 

A.  Governing  Equations  for  the  Charged  Particles 

Nonequilibrium  MHD  plasma  consists  of  noble  gas  atoms, 
noble  gas  ions,  and  electrons.  The  governing  equations  for  the 
charged  particles  are  written  as  follows. 

Ion  Continuity  Equation: 

+  V  •  (n+u)  =  kfUeUn  -  Knln^  (1) 
rie  =  n+ 

where 

n+  number  density  of  noble  gas  ions; 

Tin  number  density  of  noble  gas  atoms; 

Ue  electron  number  density; 

u  velocity; 

k f  ionization  rate  coefficient; 

kr  recombination  rate  coefficient. 

The  recombination  rate  as  a  function  of  electron  temperature  is 
shown  in  Fig.  1.  In  the  present  study,  the  recombination  rate  by 
Hinnov  and  Hirschberg  [15]  for  the  electron  temperature  less 
than  4000  K  and  the  rate  by  Slavin  [1 1]  for  more  than  4000  K 
are  used 


Fig.  1.  The  recombination  rate  as  a  function  of  electron  temperature. 

Generalized  Ohm's  Law: 

j  + X  B  =  a(E  +  u  X  B),  (3) 

\B\ 

e^Ue  Q  C.B 

fj  ~  ^  ^  (4) 

meVe  TfleUe 

where 

j  current  density; 

E  electric  field  strength; 

B  magnetic  flux  density; 

e  charge  of  electron; 

P  Hall  parameter; 

a  electrical  conductivity; 

me  mass  of  electron; 

Ve  averaged  collision  frequency  for  electron  with  the 
other  particles 

Ue  =  ^njQejCe,  O'  =  atom,  ioii)  (5) 

3 


p55300.0/Te 

kr  -  1.21  X  10-^^  - ,  (Te  >  4000  K).  (2) 

The  expression  (2)  of  recombination  is  theoretically  derived 
from  the  modified  diffusion  approximation  by  taking  into  ac¬ 
count  electron-atom  collisions  and  radiative  processes  [16],  and 
is  compared  with  the  experimental  values  for  hydrogen  and  he¬ 
lium  listed  in  [15].  According  to  the  literature  [16],  good  agree¬ 
ments  between  experiment  and  calculation  for  hydrogen  were 
obtained  in  the  range  from  2000  to  16000  K  of  electron  tem¬ 
perature.  The  expression  (2)  of  recombination  for  helium  was 
derived  by  using  the  same  technique  adopted  for  hydrogen,  al¬ 
though  the  experimental  values  were  not  indicated  for  high  elec¬ 
tron  temperature.  Two  orders  of  magnitude  lower  recombination 
coefficient  for  inert  gases  of  helium  and  argon  are  caused  by  the 
first  exited  state  greater  than  70%  of  the  first  ionization  potential 
[17].  For  argon  plasma,  two  orders  of  magnitude  lower  recom¬ 
bination  coefficient  is  obtained  from  the  comparison  with  the 
experiment  [18].  As  mentioned  later,  the  recombination  rate  by 
Slavin  is  adopted  practically,  because  the  electron  temperature  is 
maintained  more  than  4000  K  all  through  the  channel  under  the 
desirable  FIP  condition,  except  for  strongly  nonuniform  plasma 
condition  because  of  the  ionization  instability. 


where  Cg  =  ^/SkTe/'Kme  is  the  mean  electron  ve¬ 
locity  for  a  Maxwellian  distribution. 

The  energy-averaged  momentum  transfer  cross  section  Qej  is 
obtainable  experimentally  [19]  and  theoretically  [20] 


Qe-H,  =  ^  X  5.65  X  10-2° 

Qe-ion=67r(^^2,reofcTe) 


(7) 


where  sq  is  the  permittivity  of  free  space. 
Electron  Energy  Equation: 

^  +  V  •  {UeUe)  =  -PeV  '  ^ 


-  3nemek{Te  -  Tp)  V  ^  (8) 

Tthq 

3 

(j  —  atom,  ion) 


f7e  =  2  ^ekTe  +  e^rie 
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where 

Ue  energy  for  electrons; 

Ue  verocity  for  electrons; 

Pe  pressure  for  electrons; 

k  Boltzmann  constant; 

Te  electron  temperature; 

Tg  Static  gas  temperature; 

lycj  collision  frequency  for  electron  with  7th  particle; 

€n  ionization  energy  of  noble  gas. 

In  the  electron  energy  equation  (8),  the  two-temperature  model 

[21]  is  adopted,  and  the  radiation  losses  are  neglected. 

B.  Governing  Equations  for  the  Heavy  Particles 

The  Euler  equation  and  the  energy  equation  are  given  with 
including  the  Lorentz  force  and  the  Joule  heating  terms,  respec¬ 
tively,  as  follows. 

Continuity  Equation: 

+  V  •  {pv)  =  0  (9) 

where  p  is  the  mass  density  and  w  is  the  velocity. 

Momentum  Equation: 

d 

—  (p?i)  +  V  •  {pun)  =  j  X  D  -  Vp-  Pi  (10) 

where  p  is  the  static  gas  pressure  and  Pi  is  the  pressure  loss 

[22] . 

Energy  Equation: 

QE  |?|2 

+  V  •  [(£.,  +  p)m]  =  ^  +  u-{3  X  D)  -  Ql 

—  P  (11) 


where 

Es 

total  energy; 

es 

internal  energy; 

Ql 

thermal  loss  [22] 

C.  Maxwell  Equations 

The  conventional  MHD  approximations  of  the  charge  neu¬ 
trality  and  low  magnetic  Reynolds  number  are  assumed.  In  these 
approximations,  the  Maxwell  equations  are  reduced  to  as  fol¬ 
lows: 

VxE^O,  V*/^0.  (12) 

D.  Numerical  Procedures 

The  ion  continuity  equation  (1),  the  electron  energy  equation 
(8),  the  continuity  equation  (9),  the  momentum  equation  (10), 
and  the  energy  equation  ( 1 1 )  of  the  hyperbolic  type  are  solved  by 
the  CIP  method  [23].  The  time  step  in  the  present  simulation  is 
determined  as  =  0.02  //s  from  the  condition  of  Af  <  < 

Tn^.,  where  tt,,  and  are  relaxation  times  of  electron  temper¬ 
ature  and  electron  number  density,  respectively.  Grid  numbers 


Fig.  2.  The  calculation  region  in  r-6>-planc. 


TABLE  I 

Operating  Conditions  oi-  the.  Gi:np:rator 


Working 

Ih; 

Thermal  input, 

n.sf)  [MWj 

Stagnation  temperature 

2000  IK] 

Stagnation  pn’s.sun; 

3.0  [«/m] 

Inlet  pH'-ionization  degree 

3.r.8,  4.79,  6.30  x  10  •’ 

Inlet  (4eetron  temperature 

10000,  10200,  10400  |K] 

IjOaxI  resist  anre 

1.0  -  0.0  jOj 

Magnet  ie  flux  den.sity 

4.0  rrj 

Inlet  Maeh  nnrnlxT 

2.0 

Inlet  ra/liiis  of  channel 

100.0  |m.7n.] 

Outlet,  rarlius  of  ehaniK’l 

284.0  \mm\ 

Inlet  height 

1 0.0  [r/mf] 

Outlet  Insight, 

22.0  [rnrnj 

and  Ar,  A/?  are  decided  on  {N^.^No)  ~  (32,50),  Ar  =  4.0 
mm,  A^  =  7r/50  in  accordance  with  the  CFL  restriction.  The 
elliptic  equation  derived  from  (3)  and  Maxwell  equations  (12) 
as  a  function  of  the  potential  (f  are  solved  by  using  the  Galerkin 
method,  one  of  the  finite  element  methods. 

The  calculation  region  in  r-6^-plane  is  shown  in  Fig.  2,  The 
region  is  from  the  downstream  edge  of  anode  to  the  upstream 
edge  of  cathode  for  radial  direction,  and  from  0  —  t)  {o  0  =  'k 
for  the  azimuthal  direction.  On  ^  —  0  and  =  tt,  the  period¬ 
ical  boundary  condition  is  given.  The  ion  number  density  deter¬ 
mined  from  the  Saha  equilibrium  equation  under  the  assumption 
of  a  certain  electron  temperature  is  given  as  the  inlet  boundary 
condition  for  (1).  The  inlet  condition  of  the  mass  density,  the 
velocities,  and  the  static  gas  temperature  for  (9)-(l  1)  are  deter¬ 
mined  from  the  isentropic  relation  for  an  assumed  inlet  Mach 
number.  The  values  of  the  ion  number  density,  the  electron  tem¬ 
perature,  the  mass  density,  the  velocities,  the  static  gas  temper¬ 
ature,  and  their  derivatives  at  the  outlet  boundary  are  decided  as 
the  free  boundary  condition,  in  which  the  value  of  the  deriva¬ 
tives  along  the  r  -direction  equals  zero. 

The  boundary  condition  for  the  elliptic  equation  is  given  as 
0  =  0  on  anode  and  as  cj)  ~  Vh  on  cathode,  where  V7/  = 
Rl  *  and  V//,  /?/ ,  and  lu  are  the  Hall  voltage,  the  external 
load  resistance  and  the  Hall  current,  respectively.  Table  1  shows 
the  operating  conditions  of  the  generator.  Helium  is  selected  for 
working  gas,  because  the  gas  velocity  is  the  fastest  of  all  inert 
gases.  The  operating  conditions  and  scale  of  analyzed  generator 
are  chosen  on  the  basis  of  a  conventional-seeded  MHD  gener¬ 
ator  for  relatively  small  thermal  input  of  the  experimental  scale 
[14],  because  the  comparison  between  the  conventional  and  the 
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Fig.  3.  The  enthalpy  extraction  ratio  (E.E.)  and  isentropic  efficiency  (I.E.)  for 
pre-ionization  degree  of  noble  gas  (e)  of  3.58,  4.79,  and  6.39  x  10“ ®  as  a 
function  of  load  resistance. 


present  generators  is  one  of  the  purposes  in  the  present  study. 
The  inlet  electron  temperature  is  determined  from  the  similarity 
between  the  pre-ionization  degree  for  the  present  generator  and 
the  seed  fraction  for  a  seeded  MHD  generator.  In  the  present 
study,  the  channel  height  is  assumed  to  expand  linearly.  The  op¬ 
timization  of  the  channel  shape,  which  is  important  for  the  high 
generator  performance,  will  be  made  in  the  future  study. 

The  calculating  procedure  is  as  follows: 

1)  The  electron  temperature  is  assumed  initially  as  10000, 
10  200,  or  10  400  K  in  the  whole  region.  The  initial  elec¬ 
tron  number  density  has  a  perturbation  with  normal  distri¬ 
bution  and  the  standard  deviation  of  2.5%  from  the  mean 
value.  This  spatial  perturbation  is  also  applied  to  inlet  grid 
points.  The  initial  distributions  for  p,  Wr » and  Tg  are  deter¬ 
mined  from  the  isentropic  relation.  The  initial  distribution 
for  ue  is  given  as  zero  all  through  the  channel. 

2)  The  distributions  of  /?  and  cr  are  calculated  from  (4),  and 
then  the  distribution  of  (p  is  calculated.  The  distributions 
of  E  and  j  are  obtained  from  E  =  and  (3). 

3)  The  distributions  of  Ue^Te^  p,  Ur^ug,  and  Tg  at  the  next 
time  step  are  calculated  by  using  (1),  (8),  (9),  (10),  and 
(11),  then  the  calculations  in  2)  are  carried  out,  and  all 
properties  at  the  next  time  step  are  calculated. 

III.  Results  and  Discussion 

The  pre-ionization  degrees  of  noble  gas  are  given  as  3.58, 
4.79,  and  6.39  x  10"^  at  the  generator  inlet  from  the  Saha  re¬ 
lation  at  the  inlet  electron  temperatures  of  10000,  10200  and 
10  400  K,  respectively.  Fig.  3  shows  the  enthalpy  extraction  ratio 
(E.E.)  and  isentropic  efficiency  (I.E.)  for  pre-ionization  degrees 
of  noble  gas  (e)  of  3.58, 4.79,  and  6.39  x  10“^  as  a  function  of 
the  load  resistance.  It  is  found  first  that  the  optimal  loading  con¬ 
dition  exists  for  each  pre-ionization  degree,  as  well  as  a  conven¬ 
tional-seeded  plasma  MHD  generator.  Under  the  optimal  load 
resistance,  the  enthalpy  extraction  ratio  above  20%  and  the  isen¬ 
tropic  efficiency  above  50%  are  successfully  obtained  even  for 
the  simple  linear-expand  generator.  The  optimal  load  resistance 
shifts  to  the  low  value  with  increasing  the  pre-ionization  degree, 
because  the  internal  resistance  of  the  generator  becomes  less. 
For  the  pre-ionization  degrees  of  noble  gas  of  3.58  and  4.79  x 


Fig.  4.  The  radial  distributions  of  the  Mach  number  for  3.0  under  the 
pre-ionization  degree  of  noble  gas  (e)  of  3.58, 4.79,  and  6.39  x  10“^. 

10"^ ,  the  load  resistance  for  the  maximum  isentropic  efficiency 
is  lower  than  that  for  the  maximum  enthalpy  extraction  ratio. 
This  discrepancy  is  also  confirmed  in  a  seeded  plasma  MHD 
generator.  Error  bars  in  this  figure  refer  to  the  fluctuation  in 
time,  which  is  attributed  to  the  nonuniform  and  unsteady  plasma 
structure. 

The  radial  distributions  of  the  Mach  number  for  3.0  0 
under  the  pre-ionization  degrees  of  noble  gas  of  3.58, 4.79,  and 
6.39  X  10"^  are  shown  in  Fig.  4,  where  the  static  pressure  ratios 
(Pout/Pin)  are  0.32,  0.53,  1.28,  and  the  stagnation  pressure 
ratios  (Poout/^bin)  are  0.40,  0.26,  and  0.25,  respectively.  The 
outlet  stagnation  pressures  are  derived  from  the  substitution  of 
the  outlet  Mach  number  and  static  pressure  into  the  isentropic 
relation.  The  supersonic  flow  is  kept  under  the  pre-ionization 
of  3.58  and  4.79  x  10“^,  but  the  flow  in  the  downstream 
region  becomes  subsonic  under  that  of  6.39  x  10"^,  because 
the  MHD  interaction  becomes  strong  with  increasing  the 
pre-ionization  degree  of  noble  gas.  It  was  confirmed  that  the 
fluctuation  in  the  inlet  electron  number  density  of  1.01  and 
1.46  X  10^^  m“^  (e  =  3.58  and  4.79  x  10“^)  is  acceptable 
until  about  ±5%.  Because  subsonic  boundary  condition  in 
the  present  calculation  is  not  used  at  the  generator  outlet,  the 
efficiencies  under  the  pre-ionization  degree  of  6.39  x  10“^ 
might  lack  in  reliability.  Under  the  supersonic  condition  all 
through  the  channel,  as  the  best  performance,  the  enthalpy 
extraction  ratio  of  22.7%  and  the  isentropic  efficiency  of  54.8% 
for  3.0  9.  under  the  pre-ionization  degree  of  4.79  x  10“^  are 
obtained.  In  order  to  realize  the  pre-ionization  degree  of  4.79 
X  10“^  at  the  generator  inlet,  the  auxiliary  power  of  180  kW 
is  necessary  if  the  pre-ionized  plasma  with  ring-shape  and  1 
cm  width  at  the  generator  inlet  is  produced,  where  the  volume 
is  1.56  X  10“^  m^  and  the  inlet  Joule  heating  is  about  1.16 
GW/m^,  This  auxiliary  power  corresponds  to  about  2%  of  the 
thermal  input.  As  one  of  several  ways,  a  pre-ionization  by  the 
radiofrequency  inductive  coupling  electromagnetic  field  can  be 
useful  to  produce  such  a  ring-shaped  plasma  [24]. 

The  radial  distributions  of  ionization  degree  and  electron  tem¬ 
perature  for  2.0  9,  3.0  9,  and  3.8  9  under  the  pre-ionization 
degree  of  4.79  x  10“^  are  shown  in  Fig.  5.  Fig.  6  shows  the  ra¬ 
dial  distributions  of  electron  number  density  realized  under  the 
FIP  condition  and  the  electron  number  densities  predicted  from 
Saha  relation  at  the  electron  temperature  shown  in  Fig.  5.  It  is 
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Fig.  5.  The  radial  di.stributions  of  ionization  degree  and  electron  temperature 
for  2.0  i},  3.0  and  3.8  Q  under  the  pre-ionization  degree  of  4.79  x  10“  '’. 


Fig.  6.  The  radial  distributions  of  electron  number  density  realized  under  the 
FIP  condition  and  the  electron  number  densities  predicted  from  the  Saha  relation 
at  the  electron  temperature  shown  in  Fig.  5. 

confirmed  that  the  ionization  degree  of  helium  is  maintained  al¬ 
most  constant  in  the  entire  region  of  the  generator.  Although  the 
high  inlet  electron  temperatures  are  necessary  to  obtain  the  suf¬ 
ficient  ionization  degrees  under  the  Saha  equilibrium,  the  elec¬ 
tron  temperatures  decrease  in  the  generation  channel.  As  men¬ 
tioned  before,  the  relaxation  time  of  the  electron  temperature  is 
shorter  than  that  of  the  electron  number  density.  Because  the  low 
external  load  resistances  are  connected  under  the  present  con¬ 
dition,  the  electron  temperatures  sharply  decrease  owing  to  the 
low  Joule  heating  in  the  generation  channel.  In  spite  of  the  de¬ 
crease  in  the  electron  temperature,  the  ionization  degree  and  the 
electron  number  density  are  successfully  frozen  in  the  generator, 
because  the  plasma  slowly  recombines  with  the  relaxation  time 
longer  than  the  residence  time  of  gas  in  the  generator.  As  shown 
in  Fig.  6,  the  electron  number  density  under  the  FIP  condition 
considerably  deviates  from  the  Saha  equilibrium.  The  electron 
temperature  increases  with  increasing  load  resistance,  because 
the  Faraday  current  and  the  amount  of  the  Joule  heating  become 
large. 

The  electron  temperature  distribution  in  the  r-^-plane  for 
3.0  n  under  the  pre-ionization  degree  of  4.79  x  10“^  is  shown 
in  Fig.  7.  The  spoke-like  nonuniform  structure  of  plasma  caused 
by  the  artificially  given  variation  in  the  electron  number  density 
at  the  generator  inlet  is  observed  in  the  generator,  because 
the  three-body  recombination  coefficient  of  helium  is  low  at 
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Fig,  7.  The  electron  temperature  distribution  in  /  -f^-plane  for  3.0  H  under  the 
pre-ionization  degree  of  4.79  x  10“'^. 


Fig.  8.  The  enthalpy  extraction  ratio  (E.E.)  and  the  isentropic  efficiency  (I.E.) 
as  a  function  of  the  magnetic  flux  density  for  3.0  Q  and  the  pre-ionization  degree 
of  noble  gas  (f)  of  4.79  x  10“ 

electron  temperature  >  5000  K.  This  structure  of  electron 
temperature  has  been  indicated  as  the  “standing  azimuthal 
wave”  in  [25].  It  should  be  noted  here  that  this  structure  is 
steady  and  stable. 

The  enthalpy  extraction  ratio  and  the  isentropic  efficiency 
as  a  function  of  the  magnetic  flux  density  for  3.0  ft  and  the 
pre-ionization  degree  of  noble  gas  of  4.79  x  10“^  are  shown 
in  Fig.  8.  The  efficiencies  can  be  improved  with  increasing  the 
magnetic  flux  density.  The  enthalpy  extraction  ratio  of  26.8% 
and  the  isentropic  efficiency  of  62.4%  for  6  T  are  obtainable. 
For  8  T,  however,  both  efficiencies  decrease  and  periodically 
fluctuate.  Under  the  condition,  it  has  been  confirmed  that  the 
flow  becomes  subsonic.  The  electron  temperature  distribution 
for  8  T  in  the  r-^-plane  is  shown  in  Fig.  9.  The  ionization  insta¬ 
bility  occurs,  and  the  nonuniformity  in  the  electron  temperature 
is  caused  in  the  generator.  This  structure  of  the  electron  tem¬ 
perature  periodically  rotates  along  0  direction  and  is  unsteady. 
Under  this  situation,  the  FIP  condition  is  no  longer  satisfied  and 
the  electron  number  density  is  almost  given  by  the  Saha  relation. 
The  reason  of  the  deterioration  in  the  performance  for  8  T  can 


KOBAYASHI  AND  OKUNO:  FROZEN  INERT  GAS  PLASMA  MHD  GENERATOR 


iOOOK  17000K 

i. 


Fig.  9.  The  electron  temperature  distribution  for  8  T  in  -plane. 


be  attributed  to  the  fact  that  the  inlet  conditions  of  the  pre-ion¬ 
ization  degree  and  load  resistance  are  not  suitable.  To  obtain  the 
higher  efficiencies,  therefore,  it  is  necessary  to  optimize  the  inlet 
plasma  conditions,  as  well  as  the  channel  shape. 

IV.  Conclusion 

The  feasibility  of  an  FIP  disk  MHD  generator  has  been  ex¬ 
amined  numerically.  The  following  conclusions  can  be  drawn, 

1)  The  frozen  inert  gas  plasma  is  realized  in  the  entire  region 
of  the  generator  even  under  the  strong  MHD  interaction 
without  any  instability.  The  ionization  degree  is  main¬ 
tained  almost  constant,  and  the  electron  number  density 
higher  than  that  predicted  from  the  Saha  relation  at  the 
electron  temperature  is  kept  through  the  channel. 

2)  As  typical  values,  the  enthalpy  extraction  ratio  of  22.7% 
and  the  isentropic  efficiency  of  54.8%  for  the  load  resis¬ 
tance  of  3.0  Q.  and  magnetic  flux  density  of  4  T  under 
the  pre-ionization  degree  of  4.79  x  10“^  can  be  obtained 
even  for  a  small-scale  and  simple  linear-expand  channel. 
Then,  the  auxiliary  electric  power  for  the  pre-ionization 
corresponds  to  about  2%  of  the  thermal  input  if  the  ring- 
shaped  plasma  with  1  cm  width  is  generated  at  the  gener¬ 
ator  inlet. 

3)  The  variation  in  the  electron  number  density  at  the  gen¬ 
erator  inlet  with  several  percents  provides  the  steady  and 
stable  spoke-like  nonuniform  structure  of  plasma  in  the 
generator.  The  nonuniformity,  however,  does  not  deterio¬ 
rate  the  generator  performance. 

4)  The  generator  performance  such  as  the  enthalpy  extrac¬ 
tion  ratio  and  the  isentropic  efficiency  can  be  improved 
with  the  increase  in  the  applied  magnetic  flux  density. 

It  has  been  confirmed  through  the  present  study  that  the  FIP 
disk  MHD  generator  is  feasible  as  another  candidate  of  the 
closed-cycle  MHD  power  generation.  The  optimization  of  the 
channel  shape  and  inlet  plasma  condition  will  be  discussed  in  a 
future  study. 
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Chopping  Effect  Observed  at  Cathodic  Arc  Initiation 

Andre  Anders,  Senior  Member,  IEEE 


Abstract — Chopping  of  current  and  induction  of  high-voltage  spikes  has 
been  observed  at  the  rising  edge  of  cathodic  vacuum  arcs.  It  is  argued  that 
current  chopping  at  the  rising  edge  is  similar  to  the  current  chopping  effect 
that  is  well  known  for  the  arc  current  approaching  current-zero.  Current 
chopping  can  generate  high-voltage  spikes,  and  thus,  cathodic  arc  equip¬ 
ment  should  be  protected  against  voltage  spikes  that  exceed  the  system’s 
nominal  voltage  by  an  order  of  magnitude. 

Index  Terms — Chopping  current,  vacuum  arcs,  vacuum  interrupters, 
voltage  spikes. 


1.  Introduction 

Cathodic  arcs  or  “vacuum”  arcs  can  be  initiated  by  a  variety  of 
techniques.  DC  or  quasicontinuous  arcs  often  use  a  mechanically 
moved  trigger  electrode,  and  pulsed  arcs  are  usually  triggered  by  a 
high-voltage  surface  flashover  across  an  insulator  that  separates  the 
arc  cathode  from  the  high-voltage  trigger  electrode. 

An  alternative  method  of  arc  initiation  that  uses  neither  a  mechan¬ 
ical  electrode  nor  a  very  high  pulsed  voltage  was  dubbed  the  “trigger¬ 
less”  method  [1].  It  is  based  on  explosive  formation  of  a  “hot  spot”  by 
ohmic  heating  of  a  contact  point  at  the  interface  between  the  cathode 
and  a  conductive  coating  that  is  deposited  on  an  insulator  touching  the 
cathode.  The  coating  brings  the  anode  potential  to  the  contact  point. 
The  only  power  supply  involved  is  the  arc  power  supply.  The  coating 
is  regenerated  by  plasma  deposition.  The  “triggerless”  arc  initiation 
technique  was  successfully  demonstrated  in  our  laboratory  for  over  50 
cathode  materials  and  has  been  implemented  in  pulsed  plasma  sources 
for  thin  film  deposition  [1]  and  in  a  vacuum  arc  ion  source  [2].  In  the 
following,  we  focus  on  a  scheme  with  “triggerless”  arc  initiation,  al¬ 
though  the  observed  chopping  effect  may  also  occur  with  other  arc  ini¬ 
tiation  techniques. 

The  chopping  effect  has  been  well  studied  [3]-[5]  because  of 
its  importance  for  vacuum  interrupters.  In  essence,  the  vacuum  arc 
develops  instabilities  and  extinguishes  when  the  arc  current  becomes 
smaller  than  a  critical  value:  The  current  “chops  off.”  The  critical 
current  value  depends  on  the  cathode  material,  the  cathode  surface 
condition,  the  electrode  configuration,  the  magnetic  field  (if  present), 
and  the  electric  circuit  parameters.  The  phenomenon  is  associated 
with  the  plasma-generating  mechanism  of  the  arc  spot.  When  the 
arc  current  decreases  and  approaches  current-zero,  the  number  of 
current-carrying  arc  spots,  or  spot  fragments  [6],  decreases,  and  the 
amplitude  of  noise  in  the  arc  voltage  increases.  When  the  arc  current 
is  further  decreased,  the  conditions  for  the  ignition  of  spot  fragments 
deteriorate.  For  instance,  cathode  surface  heating  by  ion  bombardment 
decreases.  If  no  new  spot  fragments  are  ignited,  plasma  production 
and  electron  emission  at  cathode  spots  ceases,  the  current  transport 
is  interrupted,  and  the  arc  extinguishes.  The  phenomenon  can  be 
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Fig.  1.  Simplified  electrical  schematic  of  the  experiment.  The  pulse-forming 
network  had  an  impedance  of  0.5  H,  and  the  charging  voltage  could  be  varied  up 
to  1  kV.  The  resistor  Rti  represents  the  resistance  of  the  conducting  path  used 
for  “triggerless”  arc  initiation  (typically,  -^1  kO).  The  locations  of  current  and 
voltage  measurements  are  indicated. 


Fig.  2.  Example  of  current  and  voltage  measurements  showing  an  instability 
that  may  be  associated  with  the  chopping  effect.  Note  that  the  voltage  spikes  are 
about  1.4  kV,  although  the  charging  voltage  is  only  360  V. 

harmful  if  it  occurs  at  relatively  high  critical  chopping  current  because 
high-voltage  spikes  can  be  induced  that  can  be  dangerous  to  personnel 
and  equipment.  Special  electrode  materials,  such  as  CuW  and  CuCr, 
have  been  developed  showing  very  low  chopping  currents. 

The  chopping  effect  is  usually  observed  for  decreasing  arc  current. 
In  this  publication,  we  report  on  the  observation  of  the  chopping  ef¬ 
fect  with  increasing  current  after  arc  initiation.  As  pointed  out  by  a  re¬ 
viewer,  the  effect  is  not  really  new  but  often  observed  with  AC  vacuum 
arc  interrupters  after  current-zero  [7]. 

Fig.  1  shows  the  electrical  schematic  of  the  experiment.  Cathodic 
arcs  are  initiated  simply  by  applying  the  charging  voltage  of  a  0.5-Q 
pulse-forming-network  to  the  arc  electrodes  (360  V  in  the  example 
shown).  The  resistor  Rti  ^  1  kH  in  Fig.  1  symbolizes  the  resistance 
of  the  conducting  path  between  the  anode  and  cathode  that  is  used 
for  “triggerless”  arc  initiation.  The  cathode  was  an  aluminum  rod  sur¬ 
rounded  by  an  aluminum-coated  ceramic  tube  (plasma  source  of  the 
minigun  type  [8]).  The  vacuum  pressure  was  about  10“^  Pa.  The  arc 
current,  measured  by  a  wideband  current  transformer  of  sensitivity  0.01 
V/A,  shows  a  current  rise-time  that  is  determined  by  the  inductance  of 
the  arc  circuit.  In  the  example  shown  in  Fig.  2,  the  thyristor’s  (SCR) 
switching  time  of  about  1  ^is  is  manifested  by  small  voltage  variations, 
although  the  current  is  still  close  to  zero.  The  current  flows  initially 
through  the  conducting  path,  limited  by  the  resistance  of  the  conducting 
path.  For  most  arc  pulses,  the  current  rise  is  smooth.  However,  some 
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arc  pulses  exhibit  an  instability,  as  shown  in  Fig.  2.  The  arc  current  is 
still  small  when  the  instability  occurs,  indicating  that  the  underlying 
physical  reasons  are  similar  to  what  is  known  for  the  chopping  effect  at 
decreasing  arc  current.  A  statistical  test  of  several  hundred  arc  pulses 
showed  that  the  instability  occurred  for  about  10%  of  the  pulses  and,  if 
present,  occurred  always  at  currents  less  than  60  A. 

Although  more  studies  are  needed  to  prove  that  the  mechanism  of 
the  chopping  effect  observed  with  increasing  current  is  indeed  iden¬ 
tical  to  the  mechanism  for  decreasing  current,  high-voltage  spikes  are 
induced  in  both  cases.  The  amplitude  of  the  spikes  can  exceed  the 
charging  voltage  by  a  factor  3-5,  and  sometimes  even  higher  spikes 
are  observed.  Power  supplies  and  other  equipment  are  often  not  ade¬ 
quately  protected.  Failure  of  equipment  by  overvoltage  has  been  ob¬ 
served.  Noteworthy,  this  type  of  failure  occurred  when  operating  with 
relatively  low  charging  voltage,  in  agreement  with  the  interpretation 
that  the  instability  leading  to  current  chopping  and  voltage  generation 
is  more  likely  to  occur  at  low  arc  current. 

The  author  would  like  to  thank  I.  Brown  for  his  continued  support 
and  encouragement. 
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A  Note  on  the  Possible  Electrostatic  Disruption  of  Bacteria 

D.  A.  Mendis,  M.  Rosenberg,  and  F.  Azam 

Abstract — Recently  published  scanning  electron  and  transmission  elec¬ 
tron  photomicrographs  of  cells  of  the  bacterium  Escherichia  coli  exposed 
to  plasma  glow  discharges  at  atmospheric  pressure  indicate  physical  dis¬ 
ruption  of  their  outer  cell  membranes.  However,  the  mechanism  of  cell  dis¬ 
ruption  was  unclear.  Here,  we  propose  and  model  an  electrophysical  mech¬ 
anism  for  this  phenomenon,  namely,  the  electrostatic  disruption  of  the  cell 
membrane,  which  takes  place  when  it  has  acquired  a  sufficient  electrostatic 
charge  that  the  outward  electrostatic  stress  exceeds  its  tensile  strength.  It 
also  appears  that  surface  roughness  or  irregularity  would  render  it  more 
sensitive  to  electrostatic  disruption. 

Index  Terms — Bacteria,  electrostatic  disruption,  plasma,  sterilization. 

I.  Introduction 

In  a  recent  paper,  Laroiis.si  et  oJ.  [1]  display  scanning  electron  mi¬ 
croscope  (SEM)  photographs  of  Escherichia  coli,  in  a  Luria-Bertani 
broth,  undergoing  sterilization  by  a  glow  discharge  under  atmospheric 
pressure  (GDAP),  wherein  five  orders  of  magnitude  reduction  in  cell 
viability  was  achieved  within  exposure  time  of  20  min.  The  authors 
speculate  that  the  bacteria  were  damaged  and  poisoned  by  their  inter¬ 
action  at  a  molecular  level,  with  energetic  ions,  UV  radiation,  and  cy¬ 
totoxic  free  radicals,  the  latter  originating  from  the  breaking  of  chem¬ 
ical  bonds  by  electrons  of  energy  1-5  eV  present  in  the  discharge.  The 
above  authors  also  reported  that  the  outer  membrane  of  the  cell  was 
grossly  disrupted  and  that  there  was  an  obvious  loss  of  structural  in¬ 
tegrity.  See  addendum. 

The  purpose  of  this  brief  note  is  to  suggest  an  alternative  possibility 
for  the  demise  of  the  bacteria  in  the  discharge.  We  propose  that  the 
disruption  of  the  cell  structure  is  a  physical  process,  namely,  the  elec¬ 
trostatic  disruption  of  the  cell  membrane,  which  occurs  when  it  has 
accumulated  sufficient  electric  charge  that  the  resulting  (outward)  elec¬ 
trostatic  stress  is  sufficient  to  exceed  its  material  tensile  strength. 

There  have  been  many  early  studies,  both  theoretical  and  experi¬ 
mental,  of  the  electrical  properties  of  cell  membranes.  These  are  largely 
concerned  with  its  current-voltage  characteristics,  including  nonlinear 
effects  such  as  dielectric  breakdown  (e.g.,  [2],  [3]),  the  “Wien”  field 
effect  on  the  dissociation  of  ion  pairs  [4],  and  a  compressive  elec¬ 
trochemical  instability  leading  to  the  breakdown  of  bimolecular  lipid 
membranes  [5].  In  the  latter  work,  the  lipid  bi layer  membrane  is  ide¬ 
alized  as  a  capacitor  whose  plates  are  separated  by  a  uniform  elastic 
medium,  wherein  the  applied  voltage  leads  to  a  compressive  electric 
force  that  eventually  leads  to  a  catastrophic  collapse  of  the  membrane. 
The  lethal  effects  of  microsecond  pulses  of  high  electric  fields  (kilo- 
electronvolts/centimeter)  in  bacteria  and  yeast  cells  has  also  been  re¬ 
ported  [6]. 

Here,  it  is  not  our  intention  to  critique  this  extensive  earlier  work 
on  electrical  effects  on  cell  membranes.  Rather,  it  is  our  limited  aim  to 
propose  the  new,  above-mentioned,  electrophysical  mechanism  (viz. 
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the  electrostatic  disruption  of  the  outer  cell  membrane  caused  by  sur¬ 
face  charge  accumulation)  as  an  alternative  for  killing  the  bacteria,  and 
explore  its  relevance  to  the  experimental  results  of  Laroussi  etal  [1]. 

IL  The  Model 

The  electrostatic  disruption  of  homogenous,  solid,  spherical  [7],  as 
well  as  conducting  spheroidal  [8]  bodies  caused  by  surface  charging 
has  previously  been  discussed.  Here,  we  will  follow  a  similar  anal¬ 
ysis,  except  that  now  the  body  is  not  a  uniform  solid;  rather,  it  is  a 
thin  shell  enclosing  the  protoplast  of  the  bacterium.  The  cell  envelope 
in  the  Gram-negative  K  coli  is  multilayered  with  two  membranes,  an 
inner  cytoplasmic  membrane  (^8  nm  thick)  and  an  outer  lipopolysac- 
charide  membrane  (also  ^8  nm  thick)  enclosing  a  very  thin  (~2~nm) 
layer  of  peptidoglycan  (murein)  embedded  within  a  gel-like  periplasm 
(e.g.,  [9],  [10]).  While  the  entire  envelope  is  about  30  nm  thick,  it  is  the 
very  thin  murein  layer  with  its  N-acetylglucosamine  and  N-acetylmu- 
ramic  acid  polymeric  chains  cross-linked  by  peptide  that  provides  both 
the  strength  and  the  rigidity  to  the  bacterium.  The  SEM  micrograph 
of  the  untreated  £.  coli  [1  ,  Fig.  4(a)]  shows  it  to  be  roughly  spherical 
with  some  surface  roughness,  either  real  or  caused  by  fixation  and  de¬ 
hydration  before  SEM  examination.  In  order  to  bring  out  the  role  of 
surface  roughness,  while  keeping  the  analysis  simple,  we  idealize  the 
bacterium  to  be  essentially  a  sphere  of  radius  R,  with  a  hemispherical 
irregularity  (a  “pimple”)  of  radius  r  (C-R).  Also,  we  assume  the  outer 
membrane  to  have  a  thickness  A  (<Cr,  R)  and  to  have  a  uniform  sur¬ 
face  potential  (f).  Because  disruption  will  take  place  across  a  section 
with  minimum  radius  of  curvature  due  to  the  larger  electric  fields  there 
[8],  in  this  case  the  base  of  the  pimple,  the  condition  for  electrostatic 
disruption  is  that  the  component  of  total  electric  force  along  the  axis 
joining  the  centers  of  the  larger  sphere  and  small  hemisphere  exceeds 
the  total  tensile  force  on  the  membrane  along  this  axis 


Incidentally,  if  we  had  assumed  a  more  rod-like  geometry,  in  par¬ 
ticular,  a  right  circular  cylinder  with  hemispherical  end  caps  each  of 
radius  R  with  an  axial  pimple  of  radius  r  on  one  of  them,  the  above 
analysis  would  still  apply. 

In  the  experiment  of  Laroussi  et  al  [1],  the  plasma  electron  temper¬ 
ature  kTe  ~  1-5  eV,  and  the  ions  are  largely  He"^.  If  we  assume  that 
both  electrons  and  ions  are  Maxwellian  with  Te  =  Ti  (although  Te  is 
significantly  larger  than  Ti  in  this  case),  and  solve  the  standard  tran¬ 
scendental  equation  for  the  equilibrium  potential  obtained  by  equating 
the  orbit  limited  electron  and  ion  currents  to  the  bacterium  immersed 
in  the  plasma  (e.g.,  [12]),  we  obtain  <j)  ^  -15  V  if  kTe  5  V.  In  such 
discharges,  the  plasma  (particularly,  the  electrons)  are  not  expected  to 
be  Maxwellian,  having  thicker  tails  at  higher  energies,  and  are  better 
fit  by  generalized  Lorentzian  (kappa)  distributions  [13].  If  we  assume 
this  to  be  the  case,  with  k  =  2,  we  get  «  —20  V.  Although  these 
values  for  the  equilibrium  potentials  were  obtained  using  the  orbit  lim¬ 
ited  currents,  which  are  valid  only  when  the  currents  are  orbit  limited 
(i.e.,  when  the  Knudsen  number,  Kn  =  i/R  >  1,  where  i  is  the  col¬ 
lision  mean-free  path  of  the  ions),  it  is  expected  that  they  will  not  be 
significantly  changed  even  when  Kn  <  1,  when  the  currents  are  diffu¬ 
sion  limited.  This  is  because  in  the  latter  case  both  currents  are  reduced 
approximately  by  the  same  factor,  i.e.,  Kn  [14].  The  main  difference 
is  that  the  charging  time  would  be  increased  by  a  factor  '^(1/iin),  in 
the  latter  case,  when  Kn  <  1. 

We  thus  see  that  the  potential  expected  to  be  achieved  by  the  E. 
coli  bacterium  in  a  glow  discharge  plasma  could  be  sufficient  to  break 
the  outer  membrane  in  half  if  its  tensile  strength  is  low  (Ft  ^  10® 
dynes/cm^).  If  the  tensile  strength  was  higher  (Ft  ^  5  x  10® 
dynes/cm^),  the  surface  potential  achieved  is  insufficient  to  break  this 
membrane  in  half,  but  would  be  sufficient  to  tear  it  if  it  had  a  surface 
roughness  on  the  scale  of  a  few  percent. 


^  27rpdp  >  Ft  •  27rrA  (1) 

where 

p  cylindrical  coordinate  normal  to  this  axis; 

Ft  tensile  strength  of  the  membrane; 

F^/Stt  electrostatic  tension  normal  to  the  surface. 

Since  F  =  (^/r  on  the  hemispherical  surface,  (1)  leads  to  the  condition 

l.^(F)|  >  (2) 

where  Ft  is  in  dynes/cm^ . 

If  the  bacterium  had  been  idealized  as  a  perfect  sphere,  the  condition 
for  disruption  across  the  middle,  into  two  hemispheres,  is  obtained  from 
(2)  by  replacing  r  with  R.  So,  it  is  clearly  easier  to  disrupt  or  tear  the 
membrane  by  breaking  off  the  “pimple”  than  by  breaking  it  into  two 
more  or  less  equal  pieces. 

For  the  present  calculation,  let  us  take  F  =  l^mandA  =  0.008 /^m 
(e.g.,  [9])  and  r  =  0.02  p,m.  The  actual  measured  value  of  the  ten¬ 
sile  strength  Ft  of  the  outer  membrane  is  not  available.  However,  since 
Gram-negative  bacteria  can  maintain  turgor  pressure  of  1-5  atm  [11] 
and  the  purpose  of  the  strong  murein  layer  appears  to  be  to  help  with¬ 
stand  such  pressures  (e.g.,  [9]),  it  seems  to  us  that  the  tensile  strength 
of  the  membranes  (both  inner  and  outer)  could  not  exceed  the  above 
values.  So,  we  assume  that  Ft  ~  (1-5)  x  10®  dynes/cm^ .  If  we  assume 
the  higher  value,  i.e..  Ft  ^  5  x  10®  dynes/cm^,  we  obtain  \<p\  >6 
V  as  the  condition  for  the  disruption  of  the  membrane  by  rupturing 
the  pimple.  The  condition  to  break  it  in  half  (obtained  by  replacing  r 
by  i?  in  (2)  is  1^1  ^  40  V.  If  we  use  the  smaller  value  for  Ft  (^10® 
dynes/cm^),  the  corresponding  limits  for  1<^1  are,  respectively,  ~3  V 
and  '^IS  V. 


III.  Discussion 

Before  concluding  that  the  process  of  electrostatic  disruption  of  the 
cell  membrane,  which  we  have  discussed,  is  a  plausible  mechanism  for 
killing  bacteria  in  a  GDAP,  we  need  to  check  if  the  charging  time  of 
the  bacteria  is  sufficiently  small  (i.e.,  smaller  than  the  “kill  times”  that 
have  been  reported).  By  an  analysis  of  the  time-dependent  charging 
equation,  it  is  easy  to  see  that  there  are  in  fact  two  relevant  time  scales. 
The  first  is  essentially  an  e-folding  time  Te/,  during  which  the  initially 
uncharged  surface  acquires  most  of  its  negative  charge  because  of  the 
larger  mobility  of  the  electrons.  Following  this,  the  surface  approaches 
its  equilibrium  potential  on  a  longer  time  scale  Teq.  In  the  orbit  limited 
case  (Kn  >  1),  for  an  isothermal  Maxwellian  plasma,  these  times  are 
given  by 

T  hR.  Jl  t  ^  L  — 

~  Wpe  '  R’  ^  OJpi  '  R 

where  Ad  is  the  plasma  Debye  shielding  length  and  Upe,  ojpi  are,  re¬ 
spectively,  the  electron  and  ion  plasma  frequencies.  In  the  case  when 
Kn  <C  1,  both  of  the  above  time  scales  should  be  increased  by  the 
multiplicative  factor  (1/Kn). 

While  the  electron  density  in  the  GDAP  used  by  Laroussi  et  al.  [1] 
is  not  available,  we  assume  that  it  has  a  typical  value  of  ne  ~  10^® 
cm“^  (e.g.,  [15]).  Then,  with  kTe  5  eV  and  R  ^  1  /im,  we  get 
Te/  30  ns  and  Teq  ^  3  ^is.  If  we  take  1  /Kn  ~  16,  as  is  appropriate 
for  air  at  atmospheric  pressure,  we  get  Te/  ~  0.5  /.ts  and  Teq  ^  50  ps. 
The  appropriate  value  for  (1/Kn)  to  use  for  the  Luria-Bertani  broth 
in  the  Laroussi  et  al.  experiment  is  probably  ^10^-10'^  larger  than  that 
of  air,  which  gives  Tef  ^  0.5-5  ms  and  Teq  ^  50-500  ms.  Both  of 
these  times  are  much  smaller  than  are  their  reported  kill  times  viz.  2-20 
min.  Even  if  a  decrease  in  ne  by  one  or  two  orders  of  magnitude  should 
occur  as  the  plasma  penetrates  into  the  broth,  Te /  and  Teq  would  still  be 
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smaller  than  the  kill  times.  So,  it  seems  that  the  bacteria  had  sufficient 
time  to  acquire  the  requisite  surface  charge. 

In  summary,  we  have  used  a  simple  physical  model  of  the  cell  mem¬ 
brane  of  the  E.  coli  to  investigate  if  its  electrostatic  disruption  caused 
by  the  accumulation  of  a  sufficient  surface  charge  could  explain  the 
recent  observation  [1]  of  bacterial  mortality  observed  in  a  glow  dis¬ 
charge  under  atmospheric  pressure.  Our  conclusion  is  that  it  is  possible, 
but  more  likely  if  the  surface  has  some  irregularity  implying  regions  of 
higher  local  curvature.  Considering  the  simplicity  of  our  model  and  the 
uncertainties  in  several  parameters  that  are  used,  our  conclusion  cer¬ 
tainly  remains  tentative  at  this  time.  Our  purpose  here  was  to  demon¬ 
strate  its  plausibility  and  thereby  to  stimulate  further  investigation.  Per¬ 
haps  a  way  of  checking  the  efficacy  of  our  proposed  electrophysical 
mechanism  over  the  alternative  photochemical  processes  proposed  for 
killing  E.  coli  would  be  to  use  a  plasma  composed  entirely  of  an  inert 
gas  ion  as  opposed  to  one  that  is  only  partially  composed  of  an  inert  gas 
ion,  as  in  the  experiment  of  Laroussi  et  al  [  1  ],  while  decreasing  the  UV 
emission  as  far  as  possible.  This  would  at  least  greatly  decrease,  if  not 
entirely  eliminate  the  lethal  photochemical  effects.  We  would  also  like 
to  point  out  that  we  expect  our  process  to  be  more  efficacious  the  more 
irregular  the  bacterial  surface,  as  for  instance  appendaged  and  budding 
bacteria  possessing  long  stalks  and  hyphae,  as  well  as  filamentous  bac¬ 
teria  with  long  thin  cells  (e.g.,  see  [9,  Fig.  3.9]). 

Indeed,  the  cell  surfaces,  especially  those  of  Gram-negative  cells,  are 
typically  rough  and  convoluted  (e.g.,  see  [9,  Fig.  3.26]).  Also,  while 
not  explicitly  considered  in  our  model,  we  note  that  viruses  (typically, 
B  ^  0.01-0.1  /Am,  with  pronounced  surface  irregularities,  particularly 
tailed  viruses)  subject  to  electrostatic  stress  might  suffer  structural  dis¬ 
ruption  and  consequently  loose  their  infectivity. 

The  physical  mechanism  that  we  propose  for  the  structural  disruption 
of  bacteria  is  only  effective  for  Gram-negative  ones  like  E-coli,  which 
possess  thin  outer  membranes  and  a  thin  (~2  nm)  murcin  layer.  Wc 
do  not  expect  it  to  work  in  the  case  of  Gram-positive  bacteria,  which 
lack  an  outer  membrane  but  have  a  thicker  murein  layer  (^15-80  nm 
[10]),  thereby  providing  it  with  higher  strength  and  rigidity.  If  such 
Gram-positive  bacteria  (e.g.,  Staphylococcus  aureus)  are  also  killed  in 
a  GDAP,  as  has  been  reported  recently  by  Kelly-Wintenberg  et  al.  [  1 5], 
the  reason  for  that  may  be  different. 

In  this  latter  study,  in  which  Gram-positive  as  well  as  Gram-neg¬ 
ative  bacteria  were  killed,  no  SEM  photographs  are  provided  as  in 
the  Laroussi  et  al.  [1]  experiment.  Thus,  we  do  not  know  whether  the 
loss  of  viability  of  Gram-positive  bacteria  in  the  study  of  Kelly-Win¬ 
tenberg  et  al.  [15]  was  caused  by  gross  loss  of  structural  integrity. 
We  note  that  these  authors  expressed  cell  death  as  reduction  in  vi¬ 
able  cell  counts  (i.e,,  the  ability  of  bacteria  to  grow  to  form  visible 
colonies  on  a  nutrient-agar  solid  medium).  Bacteria  exposed  to  physical 
or  chemical  stresses  can  lose  their  ability  to  form  colonies  without  suf¬ 
fering  structural  damage  or  death  (viable  but  unculturable  bacteria  [16], 
[17]).  We  might  hypothesize  that  exposure  to  electrophysical  stress 
caused  the  relatively  more  robust  Gram-positive  bacteria  to  enter  the 
viable,  but  unculturable  .state.  If  so,  the  apparent  sterilization  might 
be  reversed  under  .suitable  physicochemical  and  nutritional  conditions. 
This  hypothesis  can  be  tested  by  using  culture-independent  techniques 
(e.g.,  live-dead  stains;  Molecular  Probes,  Oregon)  to  determine  bacte¬ 
rial  mortality. 

IV.  Addendum 

Dr.  Laroussi  [20]  subsequently  pointed  out  that  this  cell  membrane 
disruption  was  merely  a  .speculation  because  the  resolution  of  the  pho¬ 
tographs  was  insufficient  to  demonstrate  it.  (See  also  the  earlier  work 
by  Laroussi  [18]  on  the  Gram-negative  bacterium  Pseudomonas  flu- 
orescens.)  However,  a  more  recent  experimental  study  by  Kelly-Win- 
tenberg  et  al.  [19]  that  came  to  our  attention  since  the  acceptance  of 
our  paper  supports  this  speculation.  In  this  latter  study,  high-resolution 
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transmission  electron  micrographs  of  E.  coli  subject  to  a  GDAP  arc 
exhibited,  which  indeed  seem  to  show  cell  membrane  disruption.  The 
authors  state  that  “the  continuity  of  the  cellular  envelope  was  inter¬ 
rupted  and  cellular  contents  were  released  to  the  surrounding  medium 
within  30s.”  This  study  also  included  the  sterilization  of  other  microor¬ 
ganisms.  including  Gram-positive  bacteria.  But  transmission  electron 
micrographs  arc  shown  only  in  the  case  of  E.  coli. 

Dr.  Laroussi  |20]  has  also  kindly  reported  to  us  very  recent,  and  as 
yet  unpublished,  data  on  the  Gram-positive  bacterium  Bacillus  suhtilis 
undergoing  sterilization  in  a  GDAP.  While  reduction  in  cell  viability 
is  achieved,  differential  interference  phase  contrast  microscopy  indi¬ 
cate  that  the  cell  wall  remains  intact.  This  result  is  consi.stcnt  with  our 
proposal  in  this  paper  that  structural  disruption  caused  by  electrostatic 
.stress  is  ineffective  for  Gram-positive  bacteria  because  of  their  greater 
structural  strength. 
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